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To my Family 


I'm walking out easy I'm walking out slow 

I'm taking this old road to a place that I know 
and I can't feel the wind & I don't see the snow 
over my mountain 


And it's cold gettin' colder but I'm feeling so warm 
I'm flying so high I just can't see the storm 

and it's a long time ago I was here on my own 

over my mountain 


So in sad isolation I'm feeling so good 
I've drifted too far but I knew that I would 


and it seems that I'm laughing and I knew that I could 
over my mountain 


Dougie Maclean 
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ABSTRACT 


This study investigated the capacity of K562, a poorly 
differentiated human leukemic cell line, to differentiate in 
response to exogenous inducing agents. The results 
indicated that K562 is a pluripotential stem cell line, 
that, when stimulated with an appropriate agent, can 
differentiate along erythrocytic, granulocytic, monocytic 
and megakaryocytic lineages. Induction of differentiation 
of K562 cells suggests that treatment of poorly 
differentiated leukemias with inducing agents may be 
beneficial in these diseases as well as in chronic 
leukemias. 

K562 cells synthesised and expressed Class I MHC 
Berane when induced with sodium butyrate, interferon, and 
phorbol diesters. These results are significant because of 
growing evidence of a relationship between expression of 
MHC antigens, malignancy and differentiation. 

This study also provides additional evidence of the 
role of monoclonal antibodies in conjunction with 


conventional cytochemistry in classifying acute leukemias. 
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A. Differentiation and Carcinogenesis 


Cell differentiation is a complex, highly regulated 
process based on selective activation and repression of 
genetic material. Thus, cells with the same genome are 
able to perform unique and highly specialized functions. 
Differentiating cells are characterized by a progressive 
restriction in their repetoire of gene products. Although 
unique cell products are dramatic evidence of cell 
differentiation, most differences between cells are 
believed to be quantitative rather than qualitative (1). 
Cell differentiation “i generally regarded to be a 
unidirectional and irreversible transformation which will 
ultimately lead to cell death. The cells progress through 
stages which are responsive to different stimuli and which 
have varying degrees of proliferative capacity. 

In a 1978 Symposium on Fundamental Cancer Research, 
Clement Market stated in his keynote address that 
"Neoplasms are disorders of cell differentiation stemming 
from misprogramming of gene function. This misprogramming 
can have many causes, but all cancers must act by changing 
the function of regulatory DNA" (1). He goes on to suggest 
that the changes in the molecular mechanisms responsible 
for activating and silencing structural genes and 
regulating quantitative gene expression in normal 
differentiation can be used to explain the cancer 


phenotype. One of the major supporting pieces of evidence 
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for a lesion in regulatory as opposed to structural DNA is 
that neoplastic cells make no molecules that are not also 
found in normal adult or embryonic tissues. 

In normal tissues, differentiation is intimately 
linked with proliferation so that at a specific stage of 
maturation the cell loses the ability eS proliferate. 
However in neoplastic cells, these two processes often 
become autonomous (2), and the cancerous cells continue to 
proliferate. It has been suggested that neoplastic cells 
are blocked at a certain stage of differentiation (3). If 
differentiation stops before the cells lose their ability 
to proliferate, this may also account for the growth 
advantage that cancer cells have over normal tissues. 

It has been expressed by several authors that the 
mechanisms of carcinogenesis and normal cell 
differentiation are similar if not identical (4,5) and that 
in both processes cytoplasmic factors are important (6). 

Differentiation appears to be essentially a cytoplasmic 
event with no permanent changes to the cells genome (6). 
The only strong evidence in the hematopoietic system that 
violates this constancy hypothesis is observed in the 
differentiation of B lymphocytes. The generation of 
diversity in immunoglobulin specificity involves 
rearrangement of immunoglobulin gene segments (7). 

Extracellular factors play an important role in both 
differentiation and neoplasia (6). Cell growth is 
controlled by substances such as hormones, growth factors 


and chalones. Carcinogenesis is often the result of 
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external factors such as viruses and radiation. 

The ability to divide appears to be a prerequisiste 
for both carcinogenesis and differentiation (6). Pierce 
pointed out that tumours arise mainly in tissues capable of 
mitosis (8). For example, polymorphonuclear phagocytes, 
which are incapable of further division, cannot initiate 
leukemia. | 

One of the major reasons for interest in the 
hypothesis that cancers result from disordered cell 
differentiation is that the process might be reversible and 
that some cancers might be curable by spontaneous or 
induced differentiation (9). There is evidence in the 
literature that some tumors do occasionally differentiate 
spontaneously, for example neuroblastomas not uncommonly 
differentiate to form non-malignant ganglioneuromas (10). 
In experiments done with teratocarcinomas, transplantation 
of these tumors resulted in differentiation into many types 
of adult tissues which showed neither invasiveness nor 
persistant mitotic growth (11). There are hundreds of 
reports in the literature that describe spontaneous 
regression of cancer including carcinomas of the bronchus 
and the stomach (12). 

One of the major controversies concerning the nature 
of cancer and its relationship to differentiation is 
whether the phenotype of cancer cells reflects that of 
normal cells arrested at a particular stage in 


differentiation, or whether it reflects a disordered 
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assembly of normal segments of differentiation programs 
(9). This question arises from the observation that tumour 
cells occasionally express functions or features that 
appear to be mutually exclusive in differentiated normal 
tissues, 

Because of its relationship to neoplasia, the study of 
differentiation in normal and cancerous tissues will likely 


provide more insight into the initiation, progression and 


Management of cancer. 


Chapter II. Review of the Literature 


One of the most widely used models for studying 
differentiation is the hematopoietic system. It is 
attractive becauses one has relatively easy access to human 
normal and malignant cells representing different degrees 
of differentiation. In addition, blood-forming tissue is 
one of the few which continuously renews itself, even in 
adults. 

In this system pluripotent stem cells differentiate, 
probably by a multistep process, into mature cells of 
various cell lineages. Investigation of hematopoietic 
differentiation has practical importance because the 
pathogenesis of many hematopoietic disorders can be related 
to abnormalities in stem cell proliferation, in their 
differentiation or maturation processes, or in the cells 
which regulate these processes, 

This literature review will describe the development of 
methodology that is used to measure differentiation and the 
contribution of these techniques to our overall 
understanding of hematopoiesis and leukemia today. It will 
also review two major models used to describe 
differentiation programs of hematopoietic pluripotential 
stem cells. It will then specifically discuss how human 
myelogenous leukemia cell lines can be used as models to 


study the biology of blood cell differentiation. 
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A. The Development of Methodology for Studying 


Hematopoietic Differentiation. 


1) Morphology 

The earliest theories of blood cell differentiation 
date back to the seventeenth century when erythrocytes were 
observed and described for the first time. Leukocytes were 
first seen in the eighteenth century, but platelets were 
not recognized until 1842 because of the limitations of 
microscopy available at that time. The first compound 
microscopes produced images of cells surrounded by haloes, 
the consequence of spherical aberration and 
diffraction errors of low aperture lenses. These 
observations gave rise to the "globular theory", or the 
belief that all the organs of the body were composed of 
agglomerated globular corpuscles (13). Antonj von 
Leeuwenhoek, who first described erythrocytes, thought that 
the red cell was derived from six smaller particles. 
Boerhaave extended the hypothesis, he believed that the red 
cell was formed by six yellow globules of heat coaguable 
serum, while the serum globules were formed from six 
smaller lymphatic juice globules which in turn were derived 
from "“limpid humours". Hewson modified the theory stating 
that leukocytes were formed in the lymph nodes and thymus, 
entered the circulation via the thoracic duct and in the 
spleen were transformed into erythrocytes, the leukocyte 
forming the centre of the red cell and coaguable lymph 


forming the periphery. These illusory globular 
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observations collapsed with the introduction of the 
achromatic microscope, but the theory of cell generation 
from exogenous granules survived with Schwann's 
cytoblastoma hypothesis and persisted for a long time in 
the cell transformation theories of hematopoiesis. Remak's 
ppser ation in 1841 of an embryonic blood cell undergoing 
Mitosis initiated the general theory of cell 
multiplication by davieion: 3 

Leukemia was described almost simultaneously by 
Craigie, Bennett and Virchow in 1845 (14). fTheir 
observations were made at the autopsy of patients who had 
been ill for one to two years with increasing weakness, 
severe nosebleeds, and abdominal swelling. They noted an 
enlargement of the spleen and changes in the colour and 
consistancy of the blood. Bennett believed that the 
changes were related to an inflammatory response, but 
Virchow recognized that the cells did not represent an 
infection of the blood. He proposed the name leukemia or 
"white blood". He suggested that the defect was in those 
Organs that he believed produced the cells; the lymph 
nodes, liver and spleen. He could not attribute the 
changes he had seen to overgrowth of the blood forming 
tissues, and eventually the proliferation of the white 
cells was attributed to new growth or neoplasia rather than 
hyperplasia. Virchow subdivided leukemia into two types 
based on cell morphology and clinical presentation. 
Those patients who had enlarged spleens were described as 


having "splenic" or "lienal" leukemia, and those with 
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swollen lymph nodes as having "lymphatic" leukemia. 

In 1864, after the discovery of platelets, there was a 
school of thought developed by Lionel Beale, that platelets 
were minute particles of germinal matter, that might grow 
into, red iceliswor leukocytes: (15) sin a modification of 
this theory, Georges Hayem maintained that platelets, which 
he referred to as hematoblasts, are an early stage in the 
development of the erythrocyte (16). 

In 1868 Guilio Bizzozero and Ernst Neumann almost 
Simultaneously discovered the hematopoietic function of the 
bone marrow, and so resolved the mystery of the site of red 
cell production in adults (17). Neumann also suggested 
that blood formation is a continuous process in adults and 
not just a feature of embryogenesis. Both of these ideas 
were highly controversial. 

In 1870 Neumann further suggested that in "Splenic 
leukemia" the marrow rather than the spleen was the source 
of excess blood cell production. He named this condition 
"splenomedullary leukemia" which was later shortened to 
"myeloid" or marrow derived leukemia (14). 

Once the marrow was established as the site of blood 
cell formation, investigators began to search for their 
precursor cells (18). When these cells were found in the 
Marrow, investigators hypothesised that these cells 
originated there. Until 1925, it was believed that these 
cells were derived from the vascular wall within the bone 


marrow. 
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The development of radiobiologic methods and 
transplantation techniques refined these hypotheses. The 
marrow was described as a production center whose 
environment Supports the differentiation and proliferation 
of blood cells. The pluripotent stem cell circulates 
through the blood, but when it reaches the favorable 
environment of the marrow, it begins to divide and 
differentiate. 

The origin of platelets remained in dispute until 1906, 
when James Wright determined that they originate from 
megakaryoblasts in the bone marrow (19). 

The introduction of phase contrast and electron 
microscopy has added another dimension to the morphological 
investigation of blood. Ultrastructural studies have been 
particularly useful for studies of differentiation in the 


megakaryocyte lineage (20). 


2) Cytochemistry 

Paul Ehrlich, a German bacteriologist and pathologist, 
introduced the use of aniline dyes in 1877 for staining 
granules in leukocytes. He used this staining procedure as 
the basis of the differential blood count technique. 

Ehrlich described a primitive, large, basophilic 
mononuclear cell with a vesicular nucleus and few or no 
granules, in stained bone marrow smears. He called this 
cell a "myelozyt" or marrow cell and he believed this cell to 
be the precursor of granulocytes. Ehrlich postulated that 


lymphocytes had an entirely different line of development, 
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Originating in the lymphoid tissue (17). This dualistic 
concept of hematopoiesis was the forerunner of the concept 
that cells could maintain their own numbers by cell 
division and yet produce cells that would eventually mature 
into blood cells. 

Staining blood and marrow simplified the classification 
of leukemias. Ehrlich confirmed that granulocytes and 
their precursors were the predominant lineage in splenic or 
myeloid leukemias (14). 

Jenner in 1889 found that the precipitate formed when 
eosin and methylene blue are mixed could be dissolved in 
methyl alcohol to form a useful stain combining certain 
properties of both parent dyes. Jenner's stain is very 
Similar to the May Grunwald stain used today. Romanowsky 
in 1890, found that when old methylene blue was used, the 
resulting stain had a much wider range and could stain cell 
nucleii and platelet granules which Jenner's mixture failed 
to stain. 

Ehrlich's work was followed by Artur Pappenheim's who 
used Romanowsky stains to study bone marrow cells. He 
observed that the transitional forms of all blood cells 
could be organised into a pattern that began ina 
relatively featureless mononuclear cell which he called a 
"lymphoidozyt". The debate between Ehrlich's dualist 
concept and Pappenheims monophyletic theory lasted over 
thirty years, each trying to describe the most primitive 
cells that could be functioning as stem cells. 


Di Guglielmo described erythroleukemias in the early 
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1900's first as a mixed myeloblastic erythroblastic form, 
and later as a pure erythroleukemia which he called acute 
erythremic myelosis. These were the first descriptions of 
leukemias of erythroid precursors (21). 

In 1938 Forkner hypothesised three possible causes of 
leukemia; infection, metabolic disorder, or a malignancy 
Gr4)s 

It was later shown that infection is a consequence 
rather than a cause of leukemia. 

A defect in metabolism where there could be either 
excessive or deficient production of a factor involved in 
maturation of blood cells was Supported by the discovery in 
the 1920's that pernicious anemia, a disease of ineffective 
red cell production characterized by unsynchronized nuclear 
and cytoplasmic maturation, could be controlled by a "liver 
factor" in the diet. 

Today leukemias are considered to be malignant 
neoplasms, a cancer of blood forming cells, but there 
continues to be a lot of work done identifying and 
characterizing factors that regulate growth and maturation 
of blood cells. 

Modern Romanowsky stains, which differ only in the 
method of ripening the methylene blue, are used today for 
routine cell differentials. This stain allows 
discrimination between three classes of granulocytes based 
on differential staining of cytoplasmic granules. It also 


allows us to measure the maturity of cells in the erythroid 
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lineage based on the relative amounts of methylene blue and 
eosin that bind to the cells. 

Cytochemical demonstration of specifically reacting 
cell components at an intracellular level has provided 
information on the constitution of the cells supplementary 
to that acquired from morphological examination, and also 
contributes to our knowledge of cell function. Specific 
Stains for the demonstration of iron, lipids, and leukocyte 
proteolytic enzymes were developed around 1900. Since 
1930, there have been methods developed for staining 
carbohydrates, nucleoproteins, proteins and numerous 
specific enzymes. Today cytochemistry allows us to 
discriminate and classify some otherwise morphologically 
undifferentiated cells into particular developmental lines 


(22).% 


3) Colony Assays 

The colony assays have been extremely useful in 
defining groups of progenitor cells that differ in their 
capacity to self renew, to undergo terminal 
differentiation, to proliferate, and to respond to specific 
growth factors. The conventional depiction of hemopoiesis, 
in the form of lineage diagrams is also based to a large 
extent on colony assay techniques. 

In 1961 Till and McCulloch developed a spleen colony 
method for quantitating mouse pluripotent hematopoietic 
stem cells (23), confirming the monophyletic view of 


the totipotential stem cell which was first suggested by 
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Pappenheim in 1900. By 1965 semi-solid culture methods, an 
in vitro assay of progenitor cells were being 

used to investigate human stem cells. The progenitor cells 
measured by these colony asays provided the link between 
the pluripotent stem cell and the various hemic cell 
lineages. Techniques for assaying committed progenitors 
preceeded those for pluripotent stem cells. CFU-GM or 
proniioer coon cr opnade colony forming units were described 
by Pluznic and Sachs (24) and Bradley and Metcalf (25) in 
1965. The assay system for erythroid colony forming units 
CFU-E was developed by 1971 (26). Erythroid burst forming 
units BFU-E, which are more primitive than CFU-E, were 
cultured first in 1974 (27). Culture methods for 
megakaryocyte progenitors were developed by Metcalf et al. 
in 1975 (28). Progenitors assayable in these clonal 
cultures represent a continuum of stages of differentiation 
in each cell lineage. Clonal assays for multipotential 
progenitors, CFU-GEMM, that give rise to cells in 
granulocyte, macrophage, erythrocyte, and megakaryocytic 
lineages were developed by 1978 (29). There are good 
indicators based on the sensitivity of these cells to cycle 
specific agents and replating experiments that CFU-GEMM and 
CFU-S represent equivelent stem cell populations in man and 
mouse (30). Other observations suggest that CFU-S and 
CFU-GEMM represent relatively mature pluripotent 
progenitors and that the small numbers of truly primitive 
stem cells may produce microscopic spleen colonies produce 


colonies smaller than CFU-GEMM in culture (31). 
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The recent development of new culture methods enables 
stem cell growth to be maintained in vitro for months and 
provides valuable insight into the relationships between 
stem cells and their immediate neighboring cells (31). 

It is now widely accepted that all the mature blood 
cells, and possibly lymphocytes, originate from the same 
stem cell. This pluripotent cell has few distinguishing 
features and is therefore difficult to isolate and 
characterize. Based on colony assay techniques, 
pluripotent stem cells have the capacity for self renewal, 
in that they are able to give rise to new hematopoietic 
progenitors and in so doing, maintain their own population. 

Pluripotent stem cells also have the property of 
commitment, in that they are able to divide and generate 
progenitors, which are programmed to differentiate toward a 
Specific lineage. The latter cells are able to proliferate 
extensively, but this is not associated with self renewal. 
These committed progenitors respond to humoral regulators 
such as erythropoietin and are responsible for maintaining 
the population of mature cells. 

A number of models based on mathematical and other 
analyses of colony assays, that have been proposed for the 
mechanism of stem cell self-renewal and commitment. These 
models can be classified as stochastic or deterministic. 
The stochastic model of Till et al. proposed that 
the decision of a stem cell to renew itself or to generate 


committed progenitors is governed by a probabilistic rule 


14 


wr 


~isvenes ies 163. yo fosweS 442 Ssved elias tate Snes 


hO x a f wee 7 ry 2 5s it; #26 isin me ¥ LOB: oe ae tiie 


oJes sion. om 4o 3isesi. waa 99 


r% —— ~ —_ = 
Seownsgeo sqicsee 3 
NES ifeo gait 
5 = 
Bye. oe anv 4. 
~s = Ww - - - 
5 F % ite 
= -<f ~~ a Gres 
dilin : 
- ] x ” as 
: : Eat. at 
ie 8 SF BSR Gt oF no 2 ges, eee 


is z si 


Ae 


oP eh ~ james wert Gd sRkt s¥2P eg onda, pts 0nd 208 


— > ; F am o 


bs ¥¢. stds ecis- bre 
Uy 2 ae 
Py 
3 % ~ <£ «y} Ey .F de Le rm F Yerg '. 
oa 4 as = ¥ 3) rc he ret Ty. 034] 235 


iL > x ' ot ms 4 
, fewane: 3 nis 2a 38 Fox GA 
ezotelvoei iS TORR CF DI 21 S102 1 hse 
> r « s nee 
pti is tats 19 dieeheesy Sta SER Biz 


etiseo sa Ay BM « BS) ne 
- ne, as 

JSH4I \eYSseS YH 
ismdiehes Base Lewes I~2LOG Riss a 
nm _ 


en pennisaats 
: bate a _ oa! 


waa i: 


aiux. cide: ii ideoag a. ae ‘aie 


15 


(33). Control of the stem cell compartment may be achieved 
by changes in the distributional parameter, p, the 
probability of self-renewal of stem cells. Humoral factors 
May exert extrinsic influences on these distributional 
parameters. An extension of this model Suggested that stem 
cell commitment is governed by a progressive and stochastic 
restriction in the Airferentiacion potential of 
hematopoietic stem cells (34). This model is supported by 
documentation of oligopotent hematopoietic progenitors 
which reveal terminal differentiation in two or three cell 
lineages in varying combinations. Several bipotent | 
hematopoietic progenitors have been documented in cultures 
of murine and human cells such as erythroid-megakaryocyte 
progenitors (35), and neutrophil-erythroid progenitors 
(36). 

Deterministic models are based on external mechanisms 
of regulation that instruct stem cells either to undergo 
renewal or differentiation. These models include the 
hematopoietic inductive microenvironment (HIM) model 
suggested by Trenton in which the commitment of multipotent 
stem cells to unilineage progenitors is determined by the 
specific microenvironment surrounding the cells (37). 

Other models postulate that competition between growth 
factors determines the lineage of commitment of the stem 
cell (38). It is generally believed, however, that 
erythropoietin and colony stimulating factor (CSF) act on 
committed progenitors later in differentiation. 


Yet another model suggests that erythropoiesis is an 
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obligatory step in stem cell differentiation. According to 
this hypothesis, differentiation potential is successively 
lost until only the erythroid lineage remains (39). 
Committed progenitors give rise to differentiated 
cells, such as erythrocytes, platelets and 
polymorphonuclear granulocytes which have specific 


functions but have lost the ability to proliferate. 


4) Surface Marker Analysis 

Recent advances in immunology have led to important 
insights in hematopoietic differentiation and the cellular 
Origin of leukemia. 

There are now available large batteries of monoclonal 
antibodies that identify lineage specific cell surface 
antigens, which in some cases, can be directly correlated 
with cell differentiation. It has been demonstrated in a 
number of cell culture systems and in the study of normal 


bone marrow cells that differentiation involves the 


modulation of cell membrane antigens. This process involves 


the selective loss of antigens which are characteristic of 
undifferentiated blasts, and the synthesis, insertion, 
modification, and selective retention of membrane antigens 
that are characteristic of the mature cell 
(40,41,42,43,44,45,46). 

Ideally, the application of monoclonal antibodies to 
cell differentiation studies requires a biochemical 
description of the antigenic determinants identified. 


Consequently, most of the energy in this field is now 


16 


focussed on analyzing the haptens recognized by these 
monoclonal antibodies and in identifying the functions 
that they may provide. 

Exhaustive searches for antigens specific for leukemia 
cells using monoclonal antibodies have been unsuccessful, 
This has been unfortunate in terms of therapeutic 
applications of monoclonal antibodies. However, this has 
established the belief that phenotypes of most malignant 
cells are not unique but instead reflect the phenotypes of 
normal cells at some stage of differentiation. 

Monoclonal antibodies and antisera to differentiation 
antigens have been useful clinically in conjunction with 
cytochemical staining to distinguish undifferentiated 
forms of AML and ALL (47). This is important because their 
optimal therapies are quite different. 

In the future, monoclonal antibodies may provide ideal 
probes for isolating hematopoietic progenitor cell 
populations and for identifying surface structures involved 


in regulatory functions. 


5) Flow Cytometry and Cell Sorting 

Up to this point, progress in understanding 
hematopoietic differentiation has been largely in the area 
of descriptive biology where the development of 
Mature blood cells can be characterized by the sequential 
appearance of morphological features, specific enzymes, 
cell surface antigens, etc. The correlation between these 


events, has been much more difficult to measure. 
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Differentiated tissues consist of a number of cell types 
which complicate measurements of differentiation markers. 
In addition, continuous differentiation means that immature 
cell types are often present in a tissue with terminally 
differentiated cells. Celi sorters that can select cells 
according to concurrent expression of several related 
functions has opened the study of hematopoietic 
differentiation to a new level. 

Some aspects of differentiation that can be probed with 
flow cytometry and cell sorting include: nucleic acid 
metabolism, membrane antigens and receptor sites, structure 
and ultrastructure and intracellular enzymes. 

The relationship of DNA synthesis and the cell cycle to 
differentiation has been one area that has been examined 
using flow cytometry. Results have varied from those 
indicating that differentiation occurs independently of the 
cell cycle to the view that these processes are closely 
related (48,49,50,51,52). Within the erythropoietic 
system, the appearance of globin specific mRNA has been 
correlated with a marked reduction of cycling cells (53). 

Messenger RNA metabolism is also amenable to study 
using flow cytometry. Differentiated cells can generally 
be distinguished from other cells by synthesis of specific 
proteins and are therefore rich in the mRNAs that 
code for such proteins. Cells that are not 
differentiated along that same pathway do not contain 


detectable amounts of those mRNAs. For example, it has been 
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established that non-hematopoietic cells contain no more 
than 0.01% the amount of mRNA for globin found in the 
reticulocyte (54). 

Monoclonal antibodies are ideal probes for membrane 
antigens in flow cytometry analysis because of their high 
titer, specificity and homogeneity. The basis for 
measurement is an indirect fluorescent antibody technique. 
Flow cytometry has been widely used for investigating 
membrane antigen changes in erythropoietic differentiation. 
As differentiation proceeds, the level of HLA class I 
antigens on the cell membrane decreases and erythroid- 
specific membrane proteins such as glycophorin and spectrin 


increase (55). 


6) Leukemic Cell Lines and Inducers of Differentiation 

The study of leukemias, hematopoietic malignancies that 
retain many of the features of normal hematopoiesis provide 
another model system to study differentiation. The 
availability of large, relatively homogeneous populations 
of cells that are apparantly frozen at some point in the 
differentiation programs is an attractive tool. 

The development of continuous cell lines derived from 
leukemic clones has made it possible to study hematopoiesis 
ina more highly controlled environment. Their use has 
also removed the restriction inherent in working with fresh 
cells with their limited in vitro survival. Many of these 
cell lines are responsive to a variety of exogenous 


physiological and non-physiological inducers of 
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differentiation. This is important for a number of 
reasons, They provide unique models to study the 
differentiation of blast cells to mature blood cells. They 
may provide the opportunity to examine the genetic defects 
responsible for the maturation arrest of leukemic cells in 
vivo. Finally, results of studies with leukemic cell lines 
may provide a new approach to cancer therapy. 

The most detailed analyses of inducers of leukemic 
differentiation has been done in the mouse erythroleukemic 
cell lines (MELC). These cell lines were developed from 
spleen cells of Friend virus infected mice. [In 1971, 
Friend et al. reported that erythroleukemia cells in 
culture could be induced to differentiate into orthochromic 
erythroblasts, synthesize alpha and beta globin mRNA and 
hemoglobins of the type found in the adult DBA mouse (56). 
The cells expressed erythrocyte-specific membrane antigens, 
and they synthesise carbonic anhydrase and the enzymes 
required for heme biosynthesis. These changes were in 
response to exposure to 2% dimethylsulphoxide (DMSO) for 
four days. Friend's report was the first to clearly 
indicate that a simple chemical compound could induce 
differentiation of leukemic cells into terminally 
differentiated end stage-blood cells. Since that time, a 
wide variety of unrelated chemicals have shown variable 
abilities to induce erythroid differentiation in the MELC 
lines (57). Later it was demonstrated that the DMSO 
treated MELC had a decreased level of leukemogenicity when 


injected into DBA/2 mice (56). 
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There have been a number of cell lines established from 
patients with acute myelogenous leukemia (AML). These 
lines have usually been composed of poorly differentiated 
lymphoblastoid-appearing cells with Epstein Barr virus 
associated antigens and lymphocytic cell markers and 
probably arose from EB virus transformation of non 
neoplastic lymphocytes present in the original culture 
inoculum, 

Since 1975 several human myeloid or erythroid cell 
lines have been established. Some of the most thoroughly 
investigated cell lines include: HL60, KGl, HEL, and K562. 

In.1977, Collins and his co-workers established the 
human myelogenous cell line HL60 from the peripheral blood 
of a woman with acute promyelocytic leukemia. [In 
logarithmically growing cultures, most of these cells 
appear to be arrested at the promyelocyte stage of 
differentiation. They are strongly positive with 
cytochemical stains specific for granulocytic cells 
including myeloperoxidase, ASD-chloracetate esterase, and 
Sudan Black B (58). HL60 can be induced by DMSO (59) and 
retinoic acid (60) to undergo terminal differentiation to 
Mature functional granulocytes, and by a phorbol ester, 
phorbol myristate acetate to become macrophages (61,62). 

The KG-1 cell line was established in 1978 from the 
bone marrow of a man with erythroleukemia. During 
logarithmic growth, most of the cells are at the stage of 


myeloblast or promyelocyte and so are slightly less 
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differentiated that HL60 cells. Most of the cells are 
strongly positive for ASD-chloracetate esterase but only l- 
2% are myeloperoxidase positive. KG-l is the only human 
myeloid cell line that remains responsive to colony 
stimulatangetactors (CSF). (63). KG-l cells are relatively 
unresponsive to retinoic acid-or DMSO; there are no 
morphological changes in the treated cells but there is 
increased reactivity with monoclonal antibodies with 
myelomonocytic specificities (41). Like HL60, KG-l can be 
induced with phorbol esters and teleocidins, to become 
macrophage like (64). 

HEL, a human erythroleukemia line, was derived from the 
peripheral blood of a patient with Hodgkins disease who 
later developed erythroleukemia. The cytochemical profile 
of the these erythroblastic cells are consistant with 
erythroleukemia: positive for periodic acid schiff (PAS), 
acid phosphatase and butyrase stains and negative for 
granulocyte-specific stains. HEL cells can be stimulated 
by hemin to produce hemoglobin Barts (Hb gamma 4) and trace 
amounts of other embryonic hemoglobin species (65). It 
has recently been shown that HEL cells respond to phorbol 
esters in a similar way to HL60 and KG1l to become 
Macrophage like (66) and that DMSO may induce 
megakaryocytic differentiation (personal communication with 
J. Breton-Gorius). 

K562 is a cell line established in 1970 from cells in 
the pleural fluid of a woman with terminal chronic 


myelogenous leukemia (CML) in blast crisis (67). Although 
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it was originally believed to be a granulocytic line, and 
later to be an erythroleukemia line, the evidence now 
Suggests that K562 is a pluripotential stem cell line. 
K562 is the subject of this investigation and its 
properties will be described in detail in the following 
chapter. 

The tumour-promoting phorbol diesters, including 12-0- 
tetradecanoyl-phorbol-13 acetate (TPA) and 44-phorbol 12B- 
myristate 13«-acetate (PMA), induce human AML cell lines 
blocked at the myeloblast - promyelocyte stage of 
differentiation, HL60 and KGl, and erythroblasts, HEL, 
to differentiate to macrophage-like cells. “TPA or PMA- 
treated cells become adherent, develop pseudopods, display 
macrophage like characteristics by light microscopy, 
phagocytize yeast, reduce nitroblue tetrazolium salts and 
kill bacteria. Lysozyme secretion and the activities of 
beta glucuronidase and acid phosphatase increase 2 - 20 
fold during macrophage differentiation. The phorbol 


diesters probably trigger differentiation through an 


interaction with high affinity phorbol diester receptors on 


the cell membrane. However, the expression of these 
receptors does not assure responsiveness to the compound 
(68). 

DMSO is a polar planar drug widely used as a 
cryopreservative. The mechanism of its action as an 
inducer of erythroid and granulocytic differentiation is 


unclear, but studies on the Friend erythroleukemia cells 
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have shown that DMSO has a profound influence on the 
fluidity of the plasma membrane. It is freely permeable 
throughout the cell and it has a free electron pair which 
could interact directly with hydrogen bonds within the 
chromatin (69). 

Vitamin A, its metabolites and analogues (retinoids), 
May participate in normal hematopoiesis. In the 1920's, 
ingest raatocs reported that experimental animals developed 
Marrow hypoplasia when their diet was deficient in vitamin 
A. Anemia is also produced in humans who are deficient in 
vitamin A (70). Retinoids appear to enhance hematopoietic 
proliferation by increasing the responsiveness of the stem 
cells to-the action ‘of (CSF (71) Jand! erythropoietin (72). 
It has been suggested that retinoids may alter the number 
or affinity of receptors on the cell membrane to these 
growth factors (69). 

HL60 cells can be triggered to differentiate along the 
granulocytic line by retinoic acid. The mechanism of induction 
of differentiation is not clear, but the recent discovery 
of a specific retinoic acid binding ee c(RABP) in 
various tissues has led to the hypothesis that the 
biological effect of retinoic acid may be mediated through 
this receptor (69). However, investigations have been 
inconclusive about the presence of these receptors on HL60 
(738 | 

The effect of interferons on leukemic and normal 
myeloid differentiation is not clear yet. Studies have 


shown that alpha and beta interferons enhance the 
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differentiation of HL60 cells triggered by TPA or retinoic 
acid, but are ineffective when used alone (74). Interferon 
has been shown to increase hemoglobin synthesis in K562 
(75) and has recently been shown to induce monocytic 
differentiation in U937, a human histiocytic lymphoma 
derived cell line (74,76). Interferon has also been shown 
to block or promote DMSO stimulated hemoglobin production 
in Friend erythroleukemia cells (77,78). In human 
systems, the delay of maturation of monocytes into 
macrophages by interferon (79), and enhancement of pokeweed 
mitogen induced B cell differentiation at low 
concentrations and inhibition at high concentrations of 
interferon have also been reported (80). The mechanisms of 
interferon induced differentiation and the enhancing 
effects of interferon on other inducing agents are unclear. 
The addition of hemin to Friend erythroleukemia cells 
initiates an erythroid development program, with 
accumulation of globin mRNA and hemoglobin. Hemin has also 
been shown to trigger hemoglobin production and increase 
the expression of glycophorin in K562. It is believed that 
hemin affects the activity of protein initiation factors 
and may control the efficiency of translation of globin 
MRNA. Hemin may also have a direct effect on the 
transcription or stabilization of globin mRNA. Hemin has 
been shown to have a concentration dependent ability to 
reduce DNA synthesis and inhibit the proliferative capacity 


of erythroid cells (81). 
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Sodium butyrate has been shown to be an effective 
differentiating agent in the murine erythroleukemia system 
and in K562. The treated cells undergo morphological and 
functional changes consistant with erythroid 
differentiation. Sodium butyrate has also recently been 
shown to decrease in vitro tumorigenicity, elevate alkaline 
phosphatase activity and increase chorioembryonic antigen 
(CEA) content in human rectal and colonic tumor cell lines. 
The amount of CEA synthesised by tumours is believed to be 
directly correlated with the degree of differentiation in 
the cancer cells (82). 

Sodium butyrate has been shown to have many effects on 
other mammalian cells, including the induction of the 
biosynthesis of new proteins (83), modification of the 
relative synthetic rates of specific proteins (84), 
augmentation or inhibition of various enzyme activities 
(84), induction of morphological changes in cultured cells 
(85), and inhibition of protein synthesis and cell 
proliferation (86). In addition, sodium butyrate induces 
massive hyperacetylation of histones in cultured mammalian 


cells (87,88) via inhibition of histone deacetylase (89). 
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B. Differentiation Programs in Normal and Leukemic 


Hematopoiesis 


Chronic myelocytic leukemia (CML) is a clonal hemopathy 
(21,90). The lesion is believed to be at the 
pluripotential stem cell level because the Philadelphia 
chromosome, a marker of this disease (91), is found in 
cells of the granulocytic, megakaryocytic and erythrocytic 
and the lymphocytic lineages (92,21). 

The Philadelphia chromosome was described in 1960 by 
Nowell and Hungerford as an abnormally small chromosome in 
patients with CML (91). It was later determined that 80- 
90% of patients with typical CML have this defect. This 
Marker was subsequently determined to be chromosome number 
Zann ch nad -lost..a (poneion jofsits long warms nthe 
majority of patients, the missing part of chromosome 22 is 
translocated to chromosome 9 (21). 

The evidence that CML is derived from a Single clone 
was obtained from the study of glucose-6-phosphate 
dehydrogenase isoenzymes in female heterozygotes with CML. 
Granulocytes, erythrocytes, platelets, monocytes and some 
lymphocytes display only a single G6PD isoenzyme in these 
patients rather than a mixture of the two isoenzymes 
(21,,.93))). 

Blast transformation occurs in all patients who do not 
die of other causes during ene chronic phase of the 
disease. The mature leukemic cells are replaced by highly 


undifferentiated blast cells. Transformation is frequently 
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accompanied by additional chromosome abnormalities. The 
cell biology of transformed chronic granulocytic leukemia 
is quite variable. In about 30% of cases, the blast cells 
are highly undifferentiated and resemble those found in 
acute lymphoblastic leukemia (21). These blasts are 
believed to represent early hematopoietic stem cells not 
yet committed to either myeloid or lymphoid differentiation 
(94). They may express the common acute lymphocytic 
leukemia antigen (CALLA), and they may contain cytoplasmic 
immunoglobulin or have elevated levels of terminal 
deoxynucleotidyl transferase (TdT) which is correlated with 
acute lymphoblastic leukemia (21). Recent studies of 
lymphoid blast crises of CML, which examined DNA 
rearrangements of immunoglobulin heavy and light chain 
genes, have indicated that most cases of lymphoid blast 
crisis represent monoclonal expansions of cells at the B 
cell precursor stage of development (95). These patients 
frequently respond to vincristine and prednisone therapy 
which is effective in inducing remission in ALL. 

The remaining 70% of cases of transformed CML involve 
myeloid committed stem cells. In most of these cases, the 
blast cells show features of granulocytic differentiation, 
while in a few cases, the transformed cells are 
monoblastic, erythroblastic or megakaryoblastic (47). 

It seems unlikely that acute myelocytic leukemia (AML) 
begins in the same stem cell compartment as CML because 


shifts in AML - ALL patterns are very rare. Consequently 
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AML is tentatively assigned to the myeloid stem cell 
compartment. There is also some suggestive evidence that 
this disease may originate in a cell with even more 
restricted differentiation potential than a stem cell (21). 

McCulloch believes that lineage diagrams based on 
colony assays provide an oversimplified and inflexible view 
of ena copodaric differentiation (92). He theorizes that 
the stages between ehe pluripotent stem cell anda 
functional end stage cell may be considered as components 
of differentiation programs (92,96). Each component 
represents gene activation or inactivation events modified 
by epigenetic or environmental influences. Diversity is 
increased at each division because the two daughter cells 
may follow different programs. He postulated considerable 
variation in the timing and sequence of the program 
components. Program segments with similar frequencies in 
timing would identify apparently discrete stages in 
differentiation. Certain program segments would have 
characteristics that are compatable with proliferation and 
differentiation in cell culture in the presence of 
selective conditions. Other program segments would be 
recognized by the appearance of macromolecules which would 
be considered as differentiation markers with or without 
lineage specificity. Normal programs of differentiation 
would terminate in functionally effective cells (92,97). 

Determination based on lineage diagrams imply that once 
a cell has become committed to a specific hematopoietic 


pathway, its decendents will follow that pathway 
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faithfully. The concept of lineage fidelity, that cells 
only express markers of one lineage, appears soundly based 
in the post deterministic segments of differentiation 
programs (92). 

However, there is uncertainty about earlier events in 
differentiation, but it has been postulated by McCulloch 
that only macromolecules that lack lineage specificity such 
as HLA-DR would appear on these pluripotential stem cells. 

He has further suggested that the differentiation 
programs of blast populations are assembled abnormally from 
components that belong to normal programs and that the 
abnormal assemblage is a consequence of abnormal gene 
expression. Based on the premise that normal 
differentiation programs terminate in functional cells, he 
has stated that the programs of blast cells are abnormal 
because they terminate in nonfunctional cells (92,96). 

The other piece of evidence that he offers in support 
of this theory is that of lineage infidelity (92,96,98,99) 
Which is the expression of markers of different lineages in 
the same cell. This would violate the expected finding 
that commitment to one lineage excludes the expression of 
markers of other lineages. Ina recent study of blast 
cells from twenty patients with acute leukemia, nine 
patients had blast cells showing lineage infidelity (98). 
Preliminary results indicate that these patients are less 
responsive to therapy. Normal marrow, marrow originating 


after transplantation, and multiple lineage colonies in 
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culture have been searched extensively and unsuccessfully 
for evidence of lineage infidelity. 

Many other authors report that lineage fidelity is 
maintained in leukemic blast cells (100,101,102). Such 
lineage fidelity has been used to support models of 
leukemia that hypothesize either blocked differentiation 
Or an uncoupling between self renewal and maturation 
(100,102,103). Therefore the termination of blast programs 
in non functional cells would represent an early 
termination of normal programs rather than evidence of 
abnormal programs. This appears to be more applicable to 
lymphoid rather than to myeloid leukemia. 

An alternative model to McCulloch's has been proposed 
by Till (104). He has suggested that pluripotential stem 
cells may express a variety of markers, perhaps at very low 
levels, specific for each of the lineages within the stem 
cells repetoire for differentiation. This can be 
extrapolated perhaps to say that lineage infidelity is a 
normal feature of early differentiation. Determination and 
Maturation would be associated with amplification of 
certain lineage specific features and repression of others. 
A test of this hypothesis awaits the availability of higniy 
purified preparations of normal pluripotential stem cells 
to allow investigators to search for markers of multiple 


lineages on the same cell. 
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C. K562 - A Pluripotential Stem Cell Line. 


The human, leukemia celi line, K562,.was originally 
established in 1970 in the laboratory of Lozzio and Lozzio 
at the University of Tennessee from a pleural effusion of a 
woman with CML in blast crisis (67). This cell line 
carries the Philadelphia chromosome, a marker of CML. This 
was the first permanent cell lined derived from a patient 
with CML that retained this marker for longer than a few 
months. 

K562 cells are large, highly undifferentiated blasts. 
Their cytoplasm is basophilic, devoid of granules and 
contains a few small vacuoles. The nuclei are round and 
contain one to four prominent nucleoli. Numerous mitotic 
figures and binucleated cells can be seen. The cells grow 
as a Single cell suspension in fluid tissue culture media 
with a mean doubling time of about twenty hours when grown 
in RPMI supplemented with 5-10% fetal calf sera, in 5% CO2. 

K562 was originally believed to be a myeloid precursor 
arrested at an early stage of differentiation. This theory 
was based on the tissue of origin, failure to find 
detectable lymphoid surface markers (105,106), the presence 
of group specific granulocyte antigens (107), and the 
pattern of reactivity of anti K562 heteroantisera with bone 
Marrow and leukemic cells (108). 

Further evidence supporting a granulocytic phenotype 


include reactivity of K562 with anti MY-l, a monoclonal 
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antibody specific for a granulocytic differentiation 
antigen (99). In addition, K562 expresses two related 
antigens TGl and TG3, defined by monoclonal antibodies, 
which are found only on myeloid cells in normal 
hematopoietic tissue. These antigens are lost when K562 is 
- cultured with DMSO and sodium butyrate but not with hemin 
(109). Finally, there have been monoclonal antibodies 
raised against K562 that are able to inhibit myeloid colony 
formation (110). Another K562 monoclonal antibody, D5, is 
specific for maturing granulocytes beginning with the 
promyelocyte stage. Myeloblasts are negative, but the 
antibody cross reacts weakly with very immature erythroid 
and monocytic cells (111). 

The majority of K562 cells have Fc receptors detected 
by sheep EA rosettes or binding of aggregated 
immunoglobulin. Changes were noted after culture with 
various inducing agents, but these were thought to reflect 
non specific membrane effects of the different agents 
fake B70 Ie 

Despite these myeloid features, K562 has been reported 
as unresponsive to phorbol esters (69), DMSO (112), and 
retinoic acid, and all attempts to induce granulocytic 
differentiation by these agents have been unsuccesful. 
Surface antigens characteristic of macrophages have not as 
yet been detected on these cells. 

Further studies of K562 have provided evidence of 
erythroid differentiation. Andersson et al. demonstrated 


that K562 expresses glycophorin and spectrin, erythroid 
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Specific membrane proteins (113). They later reported that 
sodium butyrate, a known inducer of differentiation in 
Friend erythroleukemia cells, induces K562 to form 
erythrocyte like particles, budding off the cytoplasm ina 
Similar way to the formation of platelets (114). No other 
groups have been able to reproduce these observations. 

They also detected hemoglobin synthesis after 

sodium butyrate induction by the benzidine reaction and 
then confirmed by radioimmunoassay (114). 

Biochemical proof of globin protein synthesis by K562 
was provided by Rutherford, uSing hemin as an inducing 
agent (115). tt was later demonstrated that K562 produces 
increased amounts of globin chains after hemin exposure 
because of increased production of specific globin 
messenger RNA (116). The pattern of hemoglobin production 
is of the embryonic type, with the presence of small 
amounts of fetal hemoglobin. Hemin triggers the synthesis 
of alpha chains and a subsequent increment of fetal 
hemoglobin (117). kK562 does not synthesise adult 
hemoglobins either constitutively, or in response to 
inducing agents. 

Heme synthesis isS a pivitol event during erythroid 
differentiation. Sassa demonstrated changes in the 
concentrations and activities of heme biosynthetic enzymes 
during DMSO-induced differentiation of Friend 
erythroleukemia cell lines (118). It was subsequently 


shown in K562 that exogenous hemin stimulates an increased 
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activity of the enzymes from aminolevulinic-acid 
dehydratase (ALAD) to ferrochetalase as demonstrated by the 
increased incorporation of radioactive aminolevulinic acid 
after hemin induction. Therefore endogenous intracellular 
heme biosynthesis accounts for at least a fraction of the 
heme incorporated into hemoglobin by K562 (116). 

Tonkonow and Hoffman reported a dramatic change in the 
pattern of binding of an antiglycophorin to the membrane of 
K562 after hemin induction. There appeared to be a loss of 
a population of cells with a low level of reactivity to 
glycophorin A antisera, and an accumulation of a greater 
number of cells maximally reactive with antiglycophorin A 
(116). This is consistant with differentiation and 
Maturation of normal human erythroid cells where 
glycophorins are present at the proerythroblast stage, 
before the onset of hemoglobin synthesis, but their amount 
greatly increases during maturation (119). 

K562 lacks ABH, Rhesus, Lewis, Duffy, P, Pl, and Pk 
antigens (112), but "i" antigen activity, a feature 
characteristic of fetal erythrocytes, is increased 
dramatically after hemin induction (116). 

K562 has also been shown to have some features 
consistant with megakaryocytic differentiation. Breton- 
Gorius et al., using cytochemical ultrastructural studies, 
detected a weak platelet peroxidase activity (PPO), distinct 
from granulocytic peroxidases, in the nuclear envelope and 
rough endoplasmic reticulum in a small number of cells 


(120). By its location, the PPO resembled that of normal 
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and leukemic promegakaryoblasts. The addition of sodium 
butyrate or dimethyl formamide to K562 cultures increased 
the numbers of these cells, but did not modify the 
cytoplasmic maturation. Peroxidase activity is the first 
marker of differentiaton toward the megakaryocytic line in 
normal and leukemic promegakaryoblasts, and is detectable 
before any signs of aorepiien ic Maturation, They were 
unable, however, to detect platelet glycoprotein I in K562 
cells, using a monoclonal antibody. They have recently 
Shown that K562 can be induced with PMA to express platelet 
glycoprotein IIIa and a glycoprotein common to the lymphoid 
lineage and platelets, as defined by the monoclonal 
antibodies Cl7 and J2 (121). Sodium butyrate also 
Significantly increases the binding of monoclonal antibody 
J2. It is believed that platelet glycoprotein I appears in 
the maturation sequence later than platelet peroxidase or 
platelet glycoprotein IITa. 

Subsequently, Hoffman et al., uSing a rabbit antisera 
directed against purified platelet glycoproteins, found 
evidence for the constitutive expression of platelet 
glycoproteins on the surface of K562 cells (122). The 
glycoproteins were tentatively identified as IIa and III 
based on their migration in SDS gel electropheresis. 

McCulloch et al. were the first group to publish direct 
evidence that K562 cells express markers from two different 
lineages simultaneously. They found that 10-30% of the 


cells had spectrin and My-l on the membrane using a double 
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labelling immunofluorescent technique (99). k562 is the 
only human hematopoietic cell line which exhibits lineage 
infidelity. The concept of lineage infidelity appears to 
be central in the differing view that McCulloch and Till 
have on the nature of the pluripotential stem cell and its 
capacity for differentiation. 

Membrane markers for T lymphocytes (sheep E rosettes), 
and B lymphocytes (surface and cytoplasmic immunoglobulin 
and C3 receptors) are all negative. The major 
histocompatability antigens (HLA-DR, B2 microglobulin, and 
HLA-ABC) are not expressed on K562. None of these features 
changed after treatment with inducing agents (112). K562 
is unusual because it lacks these MHC antigens. Class I 
and II antigens are normally expressed on stem cells and on 
the majority of hematopoietic cells. There is some 
evidence now appearing that the MHC antigens may not only 
be involved in the immune recognition system, but also in 
the differentiation programs of the hematopoietic system, 

There is some indication in the literature that some 
patients with CML can be treated with agents such as 
vitamin A to stimulate terminal differentiation of their 
leukemic cells (69). However, there has been little success 
in triggering maturation of less differentiated blast 
cells. Kk562 may provide a suitable model for developing 
treatment protocols based on induction of differentiation 
in patients with acute myeloid leukemias or transformed 


chronic myelocytic leukemias. 
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Chapter III. Materials and Methods. 


This study investigated the capacity of the K562 cell 
line to differentiate toward the erythroid, granulocytic, 
monocytic and megakaryocytic lineages in response to 
exogenous inducing agents, 

A panel of lineage-specific monoclonal antibodies, 
cytochemistry, functional assays and cell cycle analysis 
were employed to measure the differentiation capacity of 


these cells. 
A. Cell Culture 


yee Ce li si. 

The K562 cell line was obtained from Dr. M. Longenecker 
(Dept. of Immunology, University of Alberta) in November 
1981. Aliquots of the cells were frozen in liquid nitrogen 
at that time. The identity of the cell line was confirmed 
by indirect immunofluorescent staining of glycophorin on 
the cell membrane and by a karyotype analysis showing a 
Single Philadelphia chromosome in all the metaphases 


studied. 


2) Culture Conditions 

K562 cells were grown in suspension culture in RPMI 
1640 media (GIBCO Laboratories, Grand Island Biological 
Company, Grand Island, New York) containing 10% fetal calf 
serum (FCS)(Flow Laboratories - Flow General, Mclean, 


Virginia) and supplemented with 0.05 mg/ml of gentamicin 
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(Roussel Canada Inc., Montreal, Quebec). The cells were 
maintained at 37°C, in a humidified atmosphere, containing 
5% COD un ney culcurecawereydi luted) Co vlowldensity.(0.05- — 
0.15 million cells/ml) three times weekly. Every four to 
Six weeks aliquots of the cells were frozen in liquid 
nitrogen for retrospective analysis, if required, ata 
later date. 

Cell numbers and cell volume distributions were 
determined using an automatic cell counter, equipped with a 
channelyzer (Coulter Counter, model ZBI, Coulter Electronics 
Inc., Hialeah, Florida). 

Cell viabilities were assessed by trypan blue dye 


exclusion. 


3) croning Procedure 

The cell culture was diluted to a concentration of 10 
cells/ml bytserial dilutions Abiquots (COvl mil)! of this 
suspension were distributed in individual microwells. 
Cells that proliferated and gave rise to cellular colonies 
after 8 to 14 days were picked off and subsequently grown 
in large amounts of media. Three such clones with 
different myeloid and erythroid surface marker phenotypes 
aS measured by indirect immunofluorescence with monoclonal 
antibodies, were again cloned by the previous technique and 
subsequently studied. These clones were named K562-4, 


K562-11, and K562-17. 
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4) Freezing and Thawing K562 Cell Line 

Exponentially growing cells were concentrated by 
centrifugation to a final volume of 0.5 mls in RPMI 1640 
containing 20% fetal calf serum. An equal volume of 203 
dimethylsulphoxide (DMSO) in RPMI 1640 was added dropwise. 
The cells were cooled to -70°C at approximately 1°C per 
minute, and then stored in liquid nitrogen. 

The frozen cell vials were thawed rapidly by immersion 


and gentle agitation in a 37°C waterbath. The contents of 

vials were transferred to a 12-ml conical centrifuge 

tube and diluted dropwise with 20% FCS in RPMI. The cells 

were centrifuged and then resuspended in 5 - 10 mls of RPMI 


1640 supplemented with 20% FCS. 


5) Mycoplasma Testing 

The cell line was tested for mycoplasma contamination 
in April 1983. All three clones were found to be infected 
at that time. Subsequent investigation revealed that the 
Original culture, obtained in 1981, was contaminated. 

K562-4 was treated with Tylocine 250 ug/ml (GIBCO 
Laboratories), Kanamycin 1000 ug/ml (GIBCO Laboratories), 
Chlortetracycline HCl 100 ug/ml (GIBCO Laboratories), and 
Lincocin 1500 ug/ml (GIBCO Laboratories)for two weeks. The 
dosages were determined for each antibiotic as the highest 
concentration the cells could tolerate without loss of 
viability. After two weeks of culture in standard media, 
the cells were retested for mycoplasma and were found to be 


free of contamination. The cells were tested again two 
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B. Induction Protocols 


The inducing agents used in this study have been well 
described in the literature. These agents have been shown 
to induce erythroid, granulocytic, monocytic and 
megakaryocytic differentiation in human leukemic cell lines 
(Table 1). The optimal concentrations and duration of 
treatments for each inducing agent (Table 2) was obtained 
from the literature and by preliminary experimentation to 
find the dosage that stimulated the largest increment of 
membrane antigen changes without compromising cell 
Viability as measured by trypan dye exclusion. A 
sreshwntlitera: trial of the effects of each inducing agent on 
the three K562 clones showed no qualitative differences in 
the response of the cells. All subsequent investigations 


were done with the clone designated K562-4, 


1) Sodium Butyrate 

A 1M stock solution of sodium butyrate (butyric acid - 
sodium salt, MW 110.1 gm/mole, JT Baker Chemical Co., 
Phillipsburgh, NJ) was prepared by adding 0.5505 grams of 
sodium butyrate to 5.0 mls of deionized water. This 
solution was sterilized by passing it through a Millex - GV 
Oe22sumM tl ilter Unit (Millipore Corp., Bedrorda, MA). The 
stock solution was subsequently diluted with tissue culture 
medium to a final concentration of 1.5 mM. Exponentially 
growing K562 cells were seeded in duplicate at 5.0 x 104 
cells/ml in the prepared media. The cultures were 


maintained for four days without replacing the media. 
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Duplicate untreated control cultures were prepared and 


maintained in parallel with the test cultures. 


2) Hemin 

A 4,0 mM stock solution of hemin (type III crystalline 
equine hemin, MW 652.0 gm/mole, Sigma Chemical Company) was 
prepared by dissolving 13.0 mg of hemin in 0.2 mls of 0.5 M 
NaOH, then buffered with 0.25 mls of 1 M Tris-HCl pH 8, 
diluted to 5.0 mls with deionized water, and then 
Sterilized by filtration. The stock solution was 


5 


subsequently diluted to 2.5 x 10 ~ M with tissue culture 


media. Exponentially growing K562 cells were seeded in 


duplicate at 5.0 x 10° 


cells/ml in the prepared media. 
Controls inetuded duplicate™ untreated cultures* and 
duplicate cultures supplemented with equivalent 


concentrations of NaOH and Tris-HCl buffer. The cultures 


were maintained for 4 days without replacing the media. 


3) Retinoic*Acid 

A 1 mM stock solution of retinoic acid (all trans type 
XX crystalline retinoic acid MW 300.4 gm/mole, Sigma 
Chemical Company) was prepared by dissolving 0.003 grams of 
recimore acid into 10,0emils Of ethanol, Ine stock SOlLULLON 
was subsequently diluted to 1 uM with tissue culture media. 
Controls included duplicate untreated cultures and 
duplicate cultures supplemented with equivalent 
concentrations of ethanol. The retinoic acid stock 


solution and the untreated cultures were protected from 
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light degradation by wrapping the stock bottle and culture 
flasks in aluminum foil and working in subdued lighting as 
much as possible. Exponentially growing K562 cells were 
seeded in duplicate at 5.0 x 104 cells/ml in the prepared 
media. The cultures were maintained for four days without 
replacing the media. 

4) Dimethylsulphoxide (DMSO) 

A 0.175 M solution of DMSO was prepared by adding 
Ovozoumils of Littcered DMSO (17095 gms/ml, MW 78713 
gms/mole, Fischer Scientific Co., Chemical Manufacturing 
Divion, Fairlawn, New Jersey) to duplicate 50 ml portions 
of tissue culture media. Controls included duplicate 
untreated cultures prepared in parallel with the treated 
cultures. Exponentially growing K562 cells were seeded at 
5 x 104 cells/ml and the cultures were maintained for four 


days without replacing the media. 


5) 4£ - Phorbol 12f-Myristate 13% - Acetate (PMA) 

ALA 6. x 1074 M solution of PMA was prepared by adding 
0.001 grams of PMA (MW 616.8 gms/mole, Sigma Chemical 
Company) to 10 mls of DMSO. This solution was sterilized 
by filtration. The stock solution was subsequently diluted 
with tissue culture medium to a final concentration of 5 X 
19719 M. Exponentially growing K562 cells were seeded in 
duplicate at 2.5 X 10° cells/ml in the prepared media. 
Controls included duplicate untreated cultures and 
duplicate cultures treated with the concentration of DMSO 


equivelant to that of the test cultures. The cultures were 
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maintained for 20 - 24 hours. 


6) Interferon 

Alpha and cloned gamma interferons were obtained from 
Dr M. Fellous, Institut Pasteur, Paris and beta interferon 
was obtained from Dr. C. Tan, University of Calgary. 
Duplicate cultures seeded at 2.5 x 10° cells/ml were 
maintained for 20 - 24 hours and cultures seeded at 5 x 107 
cells/ml were maintained for four days in culture media 
supplemented with 1000 U/ml of alpha, beta, or gamma 


interferon, without changing the medium. 
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Summary of Induction 


Protocols for 


47 


Duration of 


Exposure 


Sodium butyrate 


Hemin 
Retinoic acid 
DMSO 

PMA 
Interferon? 


Interferon? 


@refers to alpha, beta and gamma interferons 
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15 *y Tos 
25s 10 > 
t.0 x°10~° m 
1.75 x 107 m 
5.0 x 107-19 yy 
1000 units/ml 


LO0CF unics/7ni 


20 hours 
20 hours 


4 days 


refers to alpha and beta interferons 


cells/ml 
104 cells/ml 
104 cells/ml 
104 cells/ml 
X 10° cells/ml 
x 10° cells/ml 


104 cells/ml 
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C. Membrane Expression of Lineage Specific and Major 


Histocompatability Antigens 


1) Flow Cytometry Analysis. 

Flow cytometry analysis with an EPICS V cell sorter 
(Coulter Electronics, Hialeah, Florida) was used to measure 
the expression of cell surface antigens. Cell cultures 
were washed twice with phosphate buffered saline (PBS) with 
0.2% bovine serum albumin (Pentex Bovine Albumin 30% 
solution, Miles Scientific, Naperville, Il.) and were then 
resuspended in PBS, 2% FCS, 0.02% sodium azide solution. 
Fifty ul aliquots containing 1 million cells were mixed 
with 50 ul of diluted monoclonal antibody (McAb) (table 3). 
After one hour at 4°C, the cells were washed three times 
withsPBS, 0.2% BSA, and then-100 ul’of a 1/50 dilution of 
fluorescein conjugated F(AB')2 fragment rabbit anti-mouse 
IgG was added (Cappel laboratories, Cecnranvi ile: PA) The 
cells were incubated in the dark at 4°C for one hour, | 
washed as described previously and then were resuspended in 
0.5 mls of a 1% w/w formaldehyde solution (Formaldehyde 
solution, 3/7% w/w, Fischer Scientific Co.) in PBS. ° The 
samples were kept at 4°C in the dark until they were 
Mee by a Coulter EPICS V flow cytometer using a 5 watt 
argon laser. Ten thousand cells of each sample were 
analyzed for green fluorescence using the multiple data 
aquisition display system (MDADS). The gates were set, 
based on 90°light scatter, to include both control and test 


samples, which may have changed in volume, and to exclude 
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Table 3. Characteristics of the Mouse Monoclonal 
Antibodies used to Measure the Expression of Lineage 


Specific and Major Histocompatability Membrane Antigens in 
K562: 


Antibody 
SpPeCcCrEICicy Designation Reference 
MHC ANTIGENS 
82 Microglobulin M18, M28 Fellous® 
HLA-ABC Monomorphic StH 2, oon ly Ont OCR fe) 
HLA-DR Monomorphic 1H37° 2206 rs 
ERYTHROID LINEAGE 
glycophorin A H85 Mannoni®@ 
BS37 Salmon? 
MYELOID LINEAGE 
Early Granulocytic 80H5,82H6,82H1 264 pono 
Late Granulocytic 80H3 718207 . ? 
Monocytic 82H3 Mannoni®@ 
Mo2 130” 
MEGAKARYOCYTE LINEAGE 
Factor VIII R Antigen noes 
Plt Glycoprotein IIb-IIIa Ji5 B32 
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debris and agglutinated cells. Each test sample with its 
matched control was run consecutively to reduce error due 
to drift. Histograms showing the number of stained cells, 
as a function of the log fluorescence intensity were 
recorded. Controls analyzed included non-induced cells 
that were prepared in parallel with the treated ceils, and 
non-stained cell suspensions to correct for background 
fluorescence. 

The percentage of positive cells was obtained from the 
integral of cells that were more fluorescent than 95% of 
cells in the unstained cell preparations. In cases of weak 
fluorescence, and where a Suitable match region existed, 
the IMMUNO Program (Coulter Electronics, Inc.) was used to 
determine the percentage of stained cells. This program 
reduces the high degree of error inherent in standard 
integration programs when the positive and negative 
immunofluorescent curves heavily overlap. IMMUNO is a 
least squares algorithm which extrapolates underneath the 


positives and subtracts out the negatives. 


2) HLA Phenotype - Immune Fluorescence. 

Immune fluorescence was performed as described earlier 
using cells induced with sodium butyrate and interferon, 
and on untreated cells using human sera containing 
monospecific HLA antibodies against Al, A2, B7 and Bl2 
antigens. These sera were obtained from multiparous women 
and from multiply transfused individuals. The 


specificities of the antibodies were obtained previously by 
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testing with a panel of HLA phenotyped peripheral blood 
lymphocytes. The K562 cells were pretreated with 1% 
paraformaldehyde (Fisher Scientific Company, Fairlawn, New 
Jersey.) in PBS for five minutes to reduce non-specific 
binding of immunoglobulin to the Fe receptors on K562 


CLOG). 


3) HLA Phenotype - Cytotoxicity 

Standard cytotoxicity HLA typing using eosin dye 
exclusion as the criteria of cell viability (133) was 
performed on K562 induced with sodium butyrate, interferons 
and on untreated cells. HLA - ABC prepared typing trays 
containing 95 different antisera were obtained from the 
Canadian Red Cross Blood Transfusion Service Reference 
Laboratory, Toronto, Canada. The McAb 81H2, 9H1l and 83H1 


were used as cytotoxicity controls, 
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D. Investigation of the Mechanism of HLA Class I MHC 


Antigen Induction in kK562 


Immune precipitation of MHC antigens and analysis of 
HLA class I mRNA from K562 induced with interferons and 
sodium butyrate and on control cells were performed by M. 


Fellous and Frederic Rosa, Institut Pasteur, Paris. 


1) Analysis of HLA Class I mRNA in K562 

Following induction with interferon and/or sodium 
butyrate, messenger RNA specific for HLA proteins was 
extracted from K562 cells, subjected to agarose gel 
electrophoresis, and then hybridized to pHLA [32 P] DNA as 


described previously (134). 


2) Immune Precipitation of Class I MHC Antigens 

After induction, the cells were labelled, washed, and 
then lysed as described previously (135,136). Using the 
detergent phase as the antigen source (137), 
immunoprecipitation was carried out as described by Ploegh 
(138). Immunoprecipitates were resolved and visualized as 


described previously (135). 
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E. Functional Assays 


1) Hemoglobin Production 

Qualitative estimation of hemoglobin production in K562 
was determined by benzidine peroxide staining (139) of 
intact cells in suspension (140). Two hundred cells were 
scored after five minutes as positive (blue) or negative 
(yellow) using 40X magnification. The mean scores of 
duplicate preparations were recorded. 

Quantitative analysis of hemoglobin production in K562 
was carried out by a modification of spectrophotometric 
method described by Clarke (141). The non-carcinogenic 
benzidine derivative 3,3',5,5' tetramethyl-benzidine 
(Sigma Chemical Company, MW 240.4 gm/mole) was used instead 
of benzidine HCl’. 7; Duplicate aliquots of 100,000, K562 cells 
were washed with saline, lyzed with 40 ul of deionized 
water and frozen at -70°C until analyzed. Hemoglobin 
standards of 30, 100, 200, 300, and 400 ng/ml were prepared 
by diluting hemoglobin (human type IV 2X crystallized 
hemoglobin, Sigma Chemical Co.) in deionized water. This 
method was linear in the range of 30 ng to 400 ng of 


hemoglobin. 


2) Nitro Blue Tetrazolium (NBT) Reduction. 

The NBT test is used to investigate granulocyte and 
monocyte function and to measure terminal differentiation 
iegranulocytic and monocytic cell Lines. “Except: (for 
chronic granulomatous disease, where the ability of 


neutrophils to chemically reduce NBT is impaired, the NBT 
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test is a measure of a cells ability to phagocytose 
complexed NBT, the dye acting as a visable marker in the 
process. NBT by itself is not readily phagocytosed and so 
it must be coupled with zymosan particles, Candida albican 
cells, or latex particles. Alternatively, a stimulant of 
phagocytosis, such as endotoxin or phorbol esters, may be 
added. 

For NBT reduction studies, 2 million cells suspended in 
one ml of RPMI 1640 medium supplemented with 20% FCS were 
incubated for 20 minutes in the dark, ina 37°C waterbath, 
with an equal volume of 0.2% NBT (crystalline, grade III, 
MW 817 gm/mole, Sigma Chemical Company) dissolved in PBS 
with and without 200 ng of PMA. Preparations of fresh 
granulocytes were tested as a control for the method and 
reagents. The percent of cells containing intracellular 
reduced blue-black formazan deposits was determined on 
Wright-Giemsa stained Cytospin centrifuge (Shandon Southern 
Instrument Inc., Sewickley, PA) preparations of the 


incubated cells. 
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F. Morphological Examination and Cytochemistry 


A battery of cytochemical stains routinely used to 
evaluate the lineage of leukemic blasts (21) was used to 
measure the response of K562 to the inducing agents. The 
5'-nucleotidase stain, which has recently been reported to 
be diagnostic in megakaryocytic leukemias (142), was also 


included. 


1) Evaluation of Cell Morphology. 

One hundred thousand to two hundred thousand cells 
suspended in tissue culture medium were centrifuged for 
five minutes at 600 RPM onto microscope slides ina 
Cytospin centrifuge. Air-dried preparations were fixed for 
five minutes in methyl alcohol and were then stained with 
May-Grunwald Giemsa stain. The slides were examined with 
light microscopy for morphological evidence of 
differentiation, such as reduction in cell size, loss of 
nucleoli, condensation of nuclear chromatin, cytoplasmic 


granules, and vacuolization. 


2) Sudan Black B- 

Sudan Black B is a stain that reacts with a variety of 
lipids, including neutral fats, phospholipids and steroids. 
The distribution of Sudanophilia in cells of the bone 
Marrow and blood in normal and pathological states is now 
well established (22). Cells of the granulocytic series 
show increasing positivity with progressive maturity. 


Myeloblasts are negative or weakly positive. Lymphocytes 
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and their precursors are invariabley negative. Monocytes 
and their precursors may sometimes be negative but 
frequently show variable numbers of fine or moderately 
course granules scattered discretely over the cell with 
little tendancy to concentrate ina paranuclear zone or in 
the cytoplasmic ring as in early myelocytes. Individual 
platelets are usually negative, as are megakaryocytes, 
although the latter may rarely show diffuse background 
Staining with very fine sudanophilic granules scattered 
throughout the cytoplasm and over the nucleus. All cells 
of the erythroid lineage are negative. Results obtained 
with this stain correlate well with those of the 
myeloperoxidase stain, which has been used for may years as 
a specific marker of granules of cells of the myeloid 
series. The advantage, of sudan black stains over 
peroxidase is that there is no interference from the 
peroxidase activity of hemoglobin and fresh slides are not 
required. 

Cytospin preparations of induced and non-induced kK562 
cells were stained by the method described by Miale et al. 
(143). Smears of normal bone marrow were used as a control 


for the method. 


3) Non Specific Esterase - Alpha Napthyl Acetate Esterase 
The biochemistry of esterases is complex and the 

nomenclature is confusing, but in cytochemistry the term 

esterase is generally restricted to enzymes capable of 


hydrolizing the simpler esters of the N - free alcohols and 
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Organic esters. Depending on the substrate used, a number 
of different reaction patterns can be identified in the 
granulocytic and monocytic lineages (22). The distribution 
of the enzyme reaction product when alpha - napthyl acetate 
is used as a substrate is largely confined to monocytes 
while the use of naphthyl AS or AS-D acetate gives some 
degree of positivity in most haemic cells, but with 
particularly strong reactions in monocytes. Strong alpha 
naphthyl acetate esterase positivity is seen in the 
erythroblasts of Di Guglielmo's disease but normal 
erythroid precursors are negative. The reaction observed 
in leukemic erythroblasts is sensitive to fluoride 
inhibition like that observed in monocytes. In lymphocytic 
cells, B cells are negative, "null" cells show some fine 
granules and T lymphocytes show strong localized spots of 
positivity which are resistant to fluoride inhibition. 
Megakaryoblasts also show localized or granular positivity 
which is moderately sensitive to fluoride inhibition, 
Cytospin preparation of induced and non-induced K562 
cells were stained by the method described by Yam et al. 
(144). Smears of normal bone marrow were used as a control 


for the method. 


3) Periodic Acid Schiff Stain (PAS) 

The carbohydrate or more particularly the glycogen 
content of blood cells can be measured qualitatively by the 
the PAS stain. It is now well established that glycogen 


plays an important role in the primary function of 
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different types of hemic cells (22). The glycogen particle 
stores glucose and makes it available on demand. The 
presence of large stores of glycogen in cells such as 
neutrophils, transformed T lymphocytes in PHA cultures and 
platelets is related to their highly specialized functions 
which requires sudden bursts of energy. 

The PAS stain has a complex pattern of reactivity which 
often changes markedly in pathological states (22). [In 
normal hemic cells, the erythroid lineage does not normally 
show detectable amounts of glycogen at any stage of 
cellular development. The myeloid series is positive in 
all identifiable cells, with the strength of reaction 
correlated with the maturity of the cells. Lymphocytes 
have a much lower glycogen content than granulocytes, but 
PAS positive granules can often be demonstrated in the 
cytoplasm. From 10 - 40% of lymphocytes normally show 
positivity with one or two rings of perinuclear granules. 
More intense staining, with three or more concentric rings, 
Or with heavy clumps of positive material is observed in l 
- 2% of lymphocytes. Monocytes contain small amounts of 
finely scattered granules. The PAS reaction shows diffuse 
and granular positivity in megakaryocytes. Platelets are 
strongly positive. 

Myeloblasts and promyelocytes from most patients with 
acute leukemia are PAS negative, while lymphoblasts of 
acute leukemia show very strong PAS positivity in the form 
of concentric rings of course granules, or heavy blocks of 


glycogen against a negative background. Erythroid 
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precursors from erythraemic myelosis and erythroleukemias 
often possess concentric annular rings of moderately cee 
PAS positive cytoplasmic granules in a variable proportion 
of cells. The intensity of the reaction and the percentage 
of erythroblasts showing positivity vary considerably in 
different patients and also in the same patient in the 
course of the disease. The strongest reactions are usually 
associated with bizarre cytological and mitotic 
abnormalities, but high PAS levels may also occur during 
relatively normal erythropoiesis. Cytospin preparations of 
induced and non-induced K562 cells were stained by the 
method described by Hayhoe et al. (145). Smears of normal 


bone marrow were used as a control for the method. 


4) 5'-Nucleotidase Stain 

The precise identification of human megakaryoblasts is 
difficult or even impossible with light microscopy alone. 
No aisqmescie reactivity patterns can be demonstrated 
consistently with conventional cytochemistry in neoplastic 
megakaryocyte precursors, although patterns of course 
peripheral PAS positivity, combined with a positive alpha 
napthyl acetate esterase stain, is suggestive of 
megakaryoblastic leukemias (22). At the ultrastructural 
level, platelet peroxidase activity has been detected in 
the perinuclear space and endoplasmic reticulum of normal 
megakaryoblasts (20). Platelet peroxidase is now 
considered to be a specific marker of megakaryoblasts. 


However, there have been reports in the literature that 
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some leukemic megakaryoblasts may not show this peroxidase 
activity ~(146) > 

The function of 5'-nucleotidase is uncertain but a 
possible role for it in purine uptake has been suggested. 
It catalyzes the dephosphorylation of 5'-nucleotides to 
which the cells are generally impermeable. Cytochemical 
demonstration of 5'-nucleotidase has been confined mainly 
to the plasma membrane of lymphocytes (147). It has also 
been reported in lymphoid and myeloid blasts uSing an 
immunochemical assay. However, cytochemical demonstration 
of this enzyme appears to be restricted to leukemic 
megakaryoblasts. Ina recent study of bone marrow smears 
from 36 patients with various types of acute leukemias, 
only the blast cells from the patient with acute 
megakaryoblastic leukemia were positive (142). The 
function of 5'-nucleotidase in megakaryoblasts is unclear 
but it may play a role in megakaryocytic maturation, 
because like platelet peroxidase, it seems to be 
synthesised early during megakaryocytic differentiation. 

Cytospin preparations of induced and non-induced K562 
cells were stained by the method described by Hayhoe et al. 
(126,131). Buffy coat smears from normal donors were used 


as a control for the method, 


5) Alkaline Phosphatase 
Alkaline phosphatases include a range of isoenzymes 
With the general ability to liberate phosphate from 


phosphomonoesters at pH levels above 7. These enzymes are 
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Widely distributed in cells and tissues of the body. In 
hematopoietic tissues, alkaline phosphatase activity is 
confined almost exclusively to mature granulocytes, 
starting at the metamyelocyte stage (22). 
Reticuloendothelial cells of the marrow usually show strong 
enzyme activity, but other marrow cells including earlier 
granulocyte precursors, erythroblasts, megakaryoblasts, and 
almost all monocytes and lymphocytes are negative. 
Positive reactions have been observed in erythroblasts in 
conditions of erythroblastic hyperplasia and 
erythrocytosis. 

Cytospin preparations of induced and non-induced K562 
cells were stained by the method described by Hayhoe et al. 
(147). Buffy coat smears from normal donors were used as a 


control for the method, 
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G. Quantitative Staining of Cellular DNA - Flow Cytometric 
Analysis 

According to the model developed by Howard and Pelc, 
the cell cycle consists of four phases designated; Gl, S, 
G2 and M (148). A cell enters the Gl phase upon division 
and remains there until the onset of DNA synthesis. It is 
then considered to be in S phase until it has doubled its 
DNA content and entered the G2 phase. The mitotic or M 
phase follows and is marked by the condensation of 
chromatin into chromosomes and terminates when the cell 
divides into two Gl cells. The DNA distribution typical of 
an asynchronous homogeneous cell population is 
characterised by several distinctive landmarks. The 
largest peak, at unit relative DNA content is due to G1/G0 
cells, the smaller peak at twice this DNA content is due to 
G2/M phase eerie and the continuum between Cneniae due to 
S phase cells. There is some indication in the literature 
that there may be a relationship between DNA synthesis and 
cell cycle and the development of differentiated functions 
in hematopoietic cells (53). 

Using the method described by Crissman (149), two 
Million induced and control kK562 cells were washed, then 
resuspended in 1.0 ml of cold saline. The cells were fixed 
by adding 5 mls of cold ethanol, dropwise with gentle 
agitation, to the cell suspension. At the time of 
analysis, the cells were treated with 200 ug/ml of 
ribonuclease (Ribonuclease A from bovine pancreas, 5X 


crystallized, type 1-A, Sigma Chemical Co.) to remove 
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double stranded DNA and 20 ug/ml of propidium iodide (Sigma 
Chemical Co.) to stain the DNA for twenty minutes. The 
cells were analyzed in a Coulter EPICS V flow cytometer. 
Fifty thousand cells of each sample were analyzed for red 
fluorescence using the Multiple Data Aquisition Display 
System (MDADS). Histograms showing the number of stained 
cells against DNA content were recorded. The percentage of 
cells in the GO/Gl, S, and G2/M phases of the cell cycle 
was determined using the INTEGRAL program (Coulter 
Electronics Inc.). Integrals were obtained from the 
channel that contained the maximum number of cells in GO/G1l 
and G2 phases, 

A sample of cells from four separate experiments for 
each induction protocol were analyzed to determine the 
effects of the inducers on the distribution of K562 cells 
in the cell cycle. 

Simultaneous analysis of DNA distribution and 
expression of lineage specific antigens was done to 
determine if there is a relationship between a cell's 
phenotype and its stage in the cell cycle. Two million 
cells were incubated with a particular monoclonal antibody 
and then stained with an FITC conjugated secondary antibody 
as described previously in this report. The cells were 
then resuspended in 1 ml of saline and fixed with 5 mls of 
70% ethanol. At the time of analysis the cells were treated 
with ribonuclease and stained with propidium iodide as 


described above. A minimum of 50,000 cells were analyzed 
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for red and green fluorescence using the MDADS. Contour 
diagrams showing the number of cells expressing the 
membrane antigen on the Y axis and the DNA content on the x 


axis were recorded, 
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CHAPTER) LV mu RESULTS 


A. SODIUM BUTYRATE 


Sodium butyrate triggered profound changes in the 
morphology, expression of membrane antigens (Table 4) and 
cytochemistry of K562 cells. 

Sodium butyrate at a concentration 1.5 mM is moderately 
inhibitory to cell growth (Figure 1), but it does: not 
Significantly affect cell viability as measured by trypan 
blue dye exclusion. 

The induced cells were smaller than the control cells, 
they had increased vacuolization, decreased 
nuclear/cytoplasm ratio and a marked increase of the cell 
membrane perimeter accompanied by the development of 
pseudopods. The Golgi apparatus, represented by a clear 
area adjacent to the tans became very prominent. 

The production of hemoglobin was slightly increased 
after induction. Control cells contained 0.17 +/- a SE of 
0.012 pcg of hemoglobin per cell compared to 0.31 +/- 0.013 
pcg of hemoglobin per induced cell after four days of 
exposure to sodium butyrate. 

The membrane expression of glycophorin, defined by the 
binding of monoclonal antibody H85, was increased (Figure 
2) after 48 hours exposure to sodium butyrate. However, 
the epitope which binds B357, also a glycophorin specific 


monoclonal antibody, was unaffected by sodium butyrate 


(Table 4). 
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Sodium butyrate triggered the synthesis of class I MHC 
antigens in K562 (Figure 3). This was confirmed by 
immuneprecipitation (PLATE I) and identification of 
Specific messenger RNA (MRNA)(PLATE II). This response was 
seen within 24 hours of continuous exposure to sodium 
butyrate. HLA-DR antigens were not synthesised. | 

Exposure of normal human peripheral lymphocytes to 1.5 
mM sodium butyrate for two days decreased the expression of 
MHC class I antigens on the cell membrane (Figure 4). In 
contrast, 1000 U/ml of alpha or beta interferon increased 
the expression of MHC class I antigens on the membrane of 
lymphocytes (Figure 4). 

After exposure to sodium butyrate there was a marked 
reduction in the number of cells which bind 80H5 (Figure 
5), 82H6 and 82H1 (Table 4), monoclonal antibodies which 
define antigens that are expressed early in granulocyte 
differentiation. These changes were first observed after 
three days treatment with sodium butyrate, with the largest 
increment observed after four days. No changes were 
observed in the expression of monocyte or megakaryocyte 
antigens (Table 4). 

After induction, 15% of the cells showed evidence of 
alkaline phosphatase activity (PLATE III), and 95% of the 
cells contained sudanophilic granules (PLATE IV). The 
control cells were negative for both stains. In addition, 
there was a marked increase of cytoplasmic glycogen after 
induction (PLATE V). 


Analysis of DNA distribution revealed no significant 
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differences between the control and induced cells after 
four days of treatment. Fifty five percent +/-.a SE of 
3.37 of the untreated cells were in G1/GO, 28% +/- 3.79 
were in S and 17% +/-— 2.67 were in G2/M.. Sodium butyrate 
treated cells wer® distributed 49.6% +/- 1.85 in G1/GO, 


27.0591 /— 12,36 91n) Sand) 2076%-+/7—— 3.39. in. G2/M. 
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Figure I. Growth Kinetics* of K562 Cells Treated with Various 
Inducers of Differentiation 


x 100? An 


DURATION OF EXPOSURE IN DAYS 


“values represent the mean cell concentrations of four separate 
induction protocols 
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Table 4. Membrane Expression of Lineage Specific and 
Major Histocompatability Antigens on K562 Cells after 
Induction with Sodium Butyrate 


Membrane AntigenS —) ------------------------------- 


ConGrot Sodium Butyrate 
MHC ANTIGENS McAb 
f2 Microglobulin 140.49 g5% 1.48 
HLA - ABC Monomorphic 280s g3>+1 50 
HLA - DR Monomorphic 0 0 
ERYTHROID LINEAGE 
Glycophorin A H85 55= 6.14 g55+2.10 
B357 15-16-78 Toe 423 
MYELOID LINEAGE 
Early Granulocytic 80H5 19. 3:55 37°44 .62 
82H6 47 = 7.26 Eee 
82H1 igh ae hf 150.69 
Late Granulocytic 0 0 
Monocytic MO2 0 0 
82H3 68, = 2550 Plat ageesiy 
MEGAKARYOCYTIC LINEAGE 0 0 


athe percentage of positive cells was determined by 
flow cytometry analysis. Values represent the meantSE of 
five separate experiments. 
Dthe differences between the means of induced and 
non-induced (control) cells are significant at 
the .05 level for Student's t test for paired data. 
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Figure 2. Reactivity of Monoclonal Antibody H85, anti 
Glycophorin, with K562 Cells Induced with 1.5 mM Sodium 
Butyrate for 4 Days. 
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Figure 3. Reactivity of Monoclonal Antibody 81H2, anti 
HLA-ABC with K562 Cells Induced with 1.5 mM Sodium 
Butyrate for 4 Days. 
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Figure 4. Reactivity of Monoclonal Antibody 83H1, anti 
HLA-ABC, with Normal Human Peripheral Lymphocytes Treated 
with 1.5 mM Sodium Butyrate or 1000 U/ml of Beta Interferon 
fOr Z2Zevays. 
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Figure 5. Reactivity of Monoclonal Antibody 80H5, anti 
Granulocyte, with K562 Cells Induced with 1.5 mM Sodium 
Butyrate for 4 Days. 
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PLATE I. 
WITH SODIUM BUTYRATE AND INTERFERONS®? 


| see 


Glass I HLA 


Class I HLA 


~~ l-B, Microglobulin 


A.B Cae 


K562 induced with sodium butyrate or interferon 


Synthesises class I MHC antigens which can be demonstrated 
by membrane fluorescence (Figures 3,6) and by immune 


precipitation of cytoplasmic and membrane antigens, 


A. Untreated K562 Cells, B. Sodium Butyrate treated K562 
Cells, C. Gamma Interferon treated kK562 Colits', = ape K562 
Cells treated with Sodium Butyrate and Gamma Interferon, 
E. Control - B Cell Line Ramos expressing MHC antigens. 


“This work was performed by Dr. Fellous, Institut Pasteur 


SDS PAGE IMMUNEPRECIPITATION OF K562 CELLS INDUCED 
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PLATE II. EFFECT OF INTERFERONS AND SODIUM BUTYRATE ON 
HLA - ABC mRNA IN K562 CELLS®@ 


Origin 
a2 OO 


18S 
Class | 


AO Cabra ts 


The increase of class I MHC antigens which can be 
detected on the cell membrane (Figure 3 and Figure 6) and 
in the cytoplasm (Plate I) of K562 induced with sodium 
butyrate and/or interferon can be attributed to an increase 
in class I MHC mRNA. 


RNAS were extracted and analyzed with an HLA - ABC cDNA 
probe as described in Materials and Methods. A. K562 
treated with Sodium Butyrate and Gamma Interferon, B. K562 
treated with Sodium Butyrate, C. K562 treated with Gamma 
Interferon, D. Untreated K562, E. Untreated control 
culture Ramos, F. Ramos treated with Gamma Interferon 


@phis work was done by Dr. Marc Fellous, Institut Pasteur 
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PLATE III. K562 CELLS SHOWING ALKALINE PHOSPHATASE 
ACTIVITY AFTER INDUCTION WITH SODIUM BUTYRATE 


A) 40X Magnification of K562 Cells Induced with 1.5 mM 
Sodium Butyrate for 4 Days Showing Occasional Alkaline 


Phosphatase Positive Cells. Control Cells are Completely 
Negative. 


B) 160X Magnification of a K562 Cell Showing Weak Alkaline 


Phosphatase Activity. This Culture was Induced with 1.5 mM 
Sodium Butyrate for 4 Days. 
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PLATE IV. SUDAN BLACK B STAINING OF K562 CELLS INDUCED 
WITH SODIUM BUTYRATE 


A) 100X Magnification of Untreated K562 Cells stained 
with Sudan Black B 


B) 100X Magnification of Sodium Butyrate Induced K562 
Cells showing Positive Sudan Black B Staining. The 
Culture was Treated with 1.5 mM Sodium Butyrate for 4 Days 
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PLATEev:, “PERIODIC ACEDS SCHIFF STAINING OF K562 CELLS 
INDUCED WITH SODIUM BUTYRATE 


A) 100X Magnification of Untreated K562 Stained with PAS 


B) 100X Magnification of K562 Cells Induced for 4 Days 
with 1.5 mM Sodium Butyrate Showing Marked Increase 
of PAS Stained Glycogen. 
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B. INTERFERON 


To further investigate the discovery that sodium 
butyrate could stimulate the synthesis of class I MHC 
antigens by K562 cells, the cells were treated with alpha, 
beta, and gamma interferons. All three types of interferon 
were able to stimulate the synthesis of HLA - ABC antigens 
and B 2 Microglobulin in Ko62. (Figure. 6) -PLATES © 15 br). 
This response could be seen within 15 hours of exposure of 
the cells to the interferons. 

The increase of class I MHC antigens which can be 
detected on the cell membrane (Figures 3 and 6) and in the 
cytoplasm (Plate I) of K562 cells induced with sodium 
butyrate and/or interferon can be attributed to a specific 
increase in class I MHC mRNA (PLATE ITI). 

When K562 was doubly induced with sodium butyrate and 
interferon, there appeared to be an additive response 
seen in the production of MHC Class I mRNA and in the 
concentration of cytoplasmic antigen, but which could not 
be detected on the cell membrane (data not shown). These 
results were particularly striking for gamma interferon. 

The effect of sodium butyrate on the production of MHC 
class I antigens was not inhibitted by adding to the 
culture media an antibody to interferon (M. Fellous, 
personal communication). 

Attempts to define the HLA phenotype of K562 induced by 
interferons or sodium butyrate, by standard cytotoxicity 


typing failed. No positive reactions were obtained with 
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any of the antisera. In addition, the lymphocytoxic McAbs 
81H2, 83H1 and M18, which bind to K562 after sodium 
butyrate and interferon inductions were unable to kill the 
K562 cells (data not shown). However, when induced K562 
cells were tested by immunefluorescence with a limited 
panel of human sera containing monospecific HLA antibodies, 
there were weak positive reactions observed with anti A2 
and anti B12 (data not shown). 

The interferons were slightly inhibitory to the growth 
Of K562° (Figure 1), bue they did not significantly agtect 
the viability of the cells as measured by trypan blue dye 
exclusion. There were no changes in the morphology of the 
treated cells other than a slight decrease in cell volume. 

Other than the changes described in the expression of 
class I antigens, alpha and beta interferon did not change 
the expression of any lineage specific membrane antigens 
during 4 days of treatment. HLA-DR antigens were not 
synthesised. 

There was no change in hemoglobin production by K562 
after 24 hours exposure to alpha or beta interferon, but 
after 4 days treatment, an enhancement of hemoglobinization 
was observed. Cultures treated with beta interferon 
contained 0.34 +/- a SE of 0.015 pcg of hemoglobin per cell 
compared to 0.18 +/- 0.012 pcg per cell in the control 
cultures. Alpha interferon had a similar effect on 
hemoglobin production with treated samples having a mean 
concentration of 0.32 +/- 0.014 pcg of hemoglobin per cell. 


Because of extremely limited quantities of gamma 
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interferon, its effects on hemoglobin production and the 
expression of lineage specific membrane antigens were not 
determined. 

K562 cells treated with alpha or beta interferon 
stained the same as untreated cells with all the 


cytochemical stains. 
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Figure 6. Reactivity of Monoclonal Antibody 83Hl, agti 
HLA-ABC with K562 Cells Treated with Beta Interferon 
for 24 Hours. 


¢equivelant results were observed with alpha interferon, 
gamma interferon produced a slightly larger increment. 
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C. Hemin 


gmne. 6xposure of K562 cells to heminetriggered 
Significant changes in the phenotype of this cell line. As 
seen with sodium butyrate and interferon, 0.25 uM hemin was 
inhibitory to the cell proliferation (Figure 1), but was 
not cytotoxic as measured by trypan blue dye exclusion. 

The morphology of the induced cells resembled that of 
pronormoblasts with prominent nucleoli and a thin rim of 
deeply basophilic cytoplasm and induced cells had a more 
round and uniform appearance than control cells. The 
induced cells were slightly smaller than than the 
noninduced cells except for a minor population of enlarged 
cells which were otherwise identical to the other hemin 
treated cells. 

Hemin significantly increased the production of 
hemoglobin by K562. After four days, treated cells 
contained a mean of 1.82 +/- a SE of 0.125 pcg of 
hemoglobin per cell compared to the control cells which 
contained 0.17 +/- 0.01 pcg of hemoglobin per cell. During 
four days of treatment, the benzidine staining of the cells 
reflected this response with a progressive increase of 
staining intensity and an increasing proportion of positive 
stained cells. 

The induced cells remained negative with Sudan Black B 
stain, alkaline phosphatase and 5'-nucleotidase, and as 
expected, were unable to reduce NBT. The intensity of PAS 


staining of the cells was markedly reduced after induction 
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with hemin (PLATE VI). 

There were significant changes in the expression of 
membrane antigens (Table 5). Within six hours, the 
expression of early myeloid markers represented by 
reactivity with 80H5 and 82H6 (Figure 7) began to increase. 
Membrane glycophorin was initially repressed and then began 
to increase after 24 hours of hemin exposure, reaching a 
maximum by 72 hours (Figure 8). Monocyte markers remained 
unchanged and the cells remained negative for MHC and 
megakaryocyte antigens (Table 5). 

Induction with hemin resulted in a Significant change 
in the number of cells in the G2/M phases of the cell 
eycle.. “After four-daVS;a4u..2 3+ de shy Ole 2. So 7OL cOncLol 
cells were in G1/G0O, 38.5% +/- 2.26 in S, and 14.25% +/- 
0.96 were in G2/M. Induced cells were distributed 43% +/- 
ecw “il Gl7G0,, 32.10%. +/— 0269 ine seand) 24229. /+/— 27 0 2ein 


G2/M. 
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Table 5. Membrane Expression of Lineage Specific and 
Major Histocompatability Antigens on kK562 Cells after 
Induction with Hemin 


CONCroOE Hemin 
MHC ANTIGENS McAb 
A2 Microglobulin 20.44 O26 
HLA - ABC Monomorphic Pee 1) ates: Ze iS 
HLA - DR Monomorphic 0 0 
ERYTHROID LINEAGE 
Glycophorin A H85 6544.91 g6°+ 4.22 
B357 TICS TROT 83°45. 39 
MYELOID LINEAGE 
Early Granulocytic 80H5 657 4.13 86° 2.88 
82H6 Ble Tee 7 7348.15 
82H1 ME DAN: 4244.12 
Late Granulocytic 0 0 
Monocytic MO2 0 0 
82H3 7075.70 75.2 6).04 
MEGAKARYOCYTIC LINEAGE 0 0 


athe percentage of positive cells was determined by 


flow cytometry analysis. 
five separate experiment 


b 


Values represent the mean+?SE of 


S. 


for Students t test for paired data. 


The differences between the means of induced and non- 


induced (control) cells are significant at the .05 level 
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Figure 7. Reactivity of Monoclonal Antibody 82H6, anti- 
Granulocyte, with K562 Cells Induced with 25 uM Hemin for 
4 Days. 


CELL 
NUMBER 


LOG FLUORESCENCE INTENSITY 


Figure 8, Reactivity of Monoclonal Antibody H85, anti- 
Glycophorin, with K562 Cells Induced with 25 uM Hemin for 
4 Days. 
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PLATESVi. PERIODEG ACID SCHIFF STAINING OF K562 CELLS 
INDUCED WITH HEMIN 


A) 100X Magnification of Untreated K562 Stained with PAS 


B) 100X Magnification of K562 Cells Induced with 25 uM 


Hemin for 4 Days Showing a Marked Decrease of PAS Stained 
Material 
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D. Retinoic Acid; 


Retinoic acid also triggered changes in the membrane 
expression of several lineage-specific antigens (Table 6 ) 
and in the production of hemoglobin by KkK562. 

The erythroid features of the cell line, as measured by 
the membrane expression of glycophorin (Figure 9) and 
production of hemoglobin, were inhibited by retinoic acid, 
a known inducer of granulocytic differentiation in other 
cell lines (60). The cell hemoglobin content decreased 
from a mean of 0.17 +/- a SE of 0.013 pcg/cell to a mean 
Of, 070/=+/— 10 009 > pcg/cell after exposure’to 1.0 uM 
CEtinoic -acia. 1. Or, Loursvdavs. 

Antigens specific for early granulocyte differentiation 
decreased (Figure 10) Bue there was no change in the 
expression of the antigens 82H7 and 80H3 (Table 6) which 
are expressed later in granulocytic differentiation, or in 
the monocyte antigens, and the cells were unable to reduce 
NBT. The changes observed in glycophorin were first noted 
after 48 hours and reached a maximum after 96 hours, 
changes in 80H5 and 82H6 were not seen until 72 hours of 
exposure to retinoic acid. 

There were no changes observed in the cytochemical 
profile, including those stains which are specific for 
granulocytic ‘or monocytic diffentiation. 

Retinoic acid, like sodium butyrate, hemin and 
interferon did not induce expression of megakaryocyte 


antigens. 
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The morphology of the cells was unchanged after 
induction except for a slight decrease in cell volume. 
Retinoic acid was slightly inhibitory to cell proliferation 
(Figure 1). 

No significant changes in the distribution of cells in 
the cell cycle were noted after induction with retinoic 
acta. Arter four days; olsGs.+/—. a ob Of 2.27) Of; the 
control cells were in G1/GO, 31.7% +/- 1.16 were in §S and 
16.5% +/- 0.82 were in G2/M. Induced cells were 
avetribputed 748 34%.+7— 17 06.in GIl/G0,. 33.Ss1t/—-2..) in Ss 


and: L/S +/="1 7 841n, 627M. 
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Table 6. Membrane Expression of Lineage Specific and 
Major Histocompatability Antigens on K562 Cells after 
Induction with Retinoic Acid 


Conccel Retinore Acid 
MHC ANTIGENS McAb 
A2 Microglobulin 225 1= 0.66 
HLA - ABC Monomorphic 27.15 Zen, 
HLA - DR Monomorphic 0 0 
ERYTHROID LINEAGE 
Glycophorin A H85 68 t 3.43 59> 3.414 
B357 64% 3.62 40°+ 4.56 
MYELOID LINEAGE 
Early Granulocytic 80H5 85= 4.82 68°+2.21 
8 2H6 5946.51 295+ 3.98 
82H1 TO e2e4e 1>+0.44 
Late Granulocytic 0 0 
Monocytic MO2 0 0 
82H3 10-2506 652+ 2.69 
MEGAKARYOCYTIC LINEAGE 0 0 


athe percentage of positive cells was determined by 

flow cytometry analysis. Values represent the mean + SE 
of five separate experiments. 
Dthe differences between the means of induced and non- 
induced (control) cells are significant at the .05 level 
EOL students t test for paired data. 
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CELL 
NUMBER 


Control 


Retinoic acid 


LOG FLUORESCENCE INTENSITY 


Fagure 9...) Reactivity of Monoclonal Antibody -B357; 2anti- 
Glycophorin, with K562 Cells Induced with 1.0 uM Retinoic 
Acid for 4 Days. 


Control —y~ 


Retinoicnacidt ies 


CELL 
NUMBER 


LOG FLUORESCENCE INTENSITY 


Figure 10. Reactivity of Monoclonal Antibody 80H5, anti- 
Granulocyte, with K562 Cells Induced with 1 uM Retinoic 
Acid for 4 Days. 
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E. Dimethyl Sulphoxide 


DMSO triggered some changes in K562 which may be 
related to megakaryocytic differentiation. 

Membrane marker analysis demonstrated the loss of early 
granulocytic antigens (Figure 11) and the loss of 
glycophorin A (Figure 12), although this was only observed 
with the monoclonal antibody B357 and not H85 (Table 7). 
There were no changes in the expression of monocyte and MHC 
antigens on the cell membrane (Table 7). 

DMSO, like retinoic acid, also inhibited hemoglobin 
production by K562 cells from a mean of 0.16 +/- a SE of 
0.01 pcg/cell to 0.08 +/- 0.006 pcg/cell after four days of 
exposure. 

Exposure to DMSO resulted in a small population of 
cells that reacted with J15 (Figure 13), an antibody to the 
platelet glycoprotein IIb-IIIa. In addition, approximately 
90% of the cells stained positive for 5'-nucleotidase 
(PLATE VII). There was also a marked reduction in PAS 
staining similar to that observed after hemin induction. 

Again, there were no gross morphological changes 
observed in the induced cells, other than a Maar ionetin 
cell volume. 

Although there was no change observed in the 
concentration and distribution of alpha naphthyl acetate 
esterase after DMSO induction, the pattern of staining 
resembles that of megakaryoblasts. These cells show a 


localized perinuclear positivity which is moderately 
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sensitive to fluoride inhibition (PLATE VIII). 

No significant changes in the distribution of cells in 
the cell cycle were observed after induction with DMSO. 
After four days, 52.7% +/— a SE Of 3723" 0f the-controt 
cells were in G1/GO, 31.1% +/- 3.12 in S and 16.2 +/- 0.41 
in G2/M. Induced cells were distributed 51.1% +/- 1.78 in 
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Table 7. Membrane Expression of Lineage Specific and 
Major Histocompatability Antigens on K562 Cells after 
Induction with Dimethyl Sulphoxide 


MHC ANTIGENS 


ERYTHROID LINEAGE 


Glycophorin A 


MYELOID LINEAGE 


Early Granulocytic 


Late Granulocytic 


Monocytic 


MEGAKARYOCYTIC LINEAGE 


athe percentage of pos 
flow cyometry analysi 


Control DMSO 
McAb 
0 0 
H85 6375 eG 61+ 6.01 
B357 60407 35°+ 3.89 
80H5 FRE 3.48 31>+3.58 
82H6 As e8 Se yrs 11>+2.80 
82H1 nh = ale 441.36 
0 0 
MO2 0 0 
82H3 TiS 7442.89 
MILL 0 0 
69CA 0 0 
J15 0855 79+1.76 


itive cells was determined by 
S. Values represent the mean * SE of 


four separate experiments. 


Dthe difference betwee 


induced (control) cel 
for Student's t test 


n the means of induced and non- 
ls are significant at the .05 level 
for paired data. 
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Control eee 
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Figure 11. Reactivity of Monoclonal Antibody 80H5, anti- 
Granulocyte, with K562 Cells Induced with 0.175 M DMSO for 
4 Days. 
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Figure 12. Reactivity of Monoclonal Antibody B357, anti- 
Glycophorin, with K562 Cells Induced with 0.175 M DMSO for 
4 Days. 
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Figure lo. eerReactivity of Monoclonal: Antibody J15,  anti- 
Platelet Glycoprotein IIb-IIIa, with K562 Cells Induced 
with 0.175 M DMSO for: 4° Days. 
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PLATE VII. DEMONSTRATION OF °5'-NUCLEOTIDASE IN" K562 AFTER 
INDUCTION WITH DMSO 


A) 100X Magnification of Untreated Cells Stained for 
5'-Nucleotidase 


B) 100X Magnification of K562 Cells Induced with 0.175 M 
DMSO for 4 Days Demonstrating the Presence of 
5'-Nucleotidase 


PLATE VIII. DEMONSTRATION OF ALPHA NAPTHYL ACETATE 
ESTERASE IN NON-INDUCED K562 CELLS 


A) Alpha Napthyl Acetate Esterase Activity in K562 Cells 
showing Localized Positivity. 


B) Sodium Fluoride Inhibition of Alpha Napthyl Acetate 
Esterase Activity in K562 
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PMA appeared to induce macrophage-like differentiation 


PiekKooO2e Celis. 

After induction, the cells became adherent to plastic 
(PLATE IX), they had a decreased nucleus to cytoplasm 
ratio, abundant cytoplasm with vacuoles, and a minor 
percentage of cells showed evidence of nuclear maturation. 
These cells were able to reduce NBT (PLATE X), and binding 
with an monocyte-specific MoAb 82H3 (Figure 14) was 
Significantly enhanced. However, the cells were still 
negative with the monocyte-specific McAb MO2 and there were 
no changes observed with any of the cytochemical stains. 

Like sodium butyrate, PMA induced the synthesis of HLA 
class I antigens (Figure 15) but not class II. 

The erythroid phenotype of the cells was almost 
completely eliminated. Only a small percentage of cells 
continued to express glycophorin on their cell membranes 
(Figure 16) and hemoglobin production was almost completely 
eliminated. Control cells contained 0.18 pcg +/- a SE of 
.019 of hemoglobin per cell compared to 0.05 pcg +/- .014 
in cells from the cultures treated with PMA for 24 hours. 

The expression of granulocytic antigens was also 
weakened (Figure 17) and there was no evidence of 
megakaryocytic differentiation observed (Table 8). 

PMA was the only inducing agent which completely 
inhibited cell proliferation (Figure 1) which may suggest 


that PMA was able to induce terminal differentiation. In 
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addition the phenotypic changes induced by PMA appeared to 
be quite stable. After removing PMA, the macrophage 
phenotype remained essentially unchanged for two weeks 
(data not shown). 

As expected PMA significantly affected the distribution 
of cells in the phases of the cell cycle. After induction, 
there was a marked reduction in the number of cells 
synthesising DNA and an accumulation of cells in the G2 
phase, “After, 24 hours, 41% +/— a’ SE of 3.87 of control 
cells weresin GU/Gl, 3021% +/-) 2.91 4in S7and!22.93 4/7 =) .52 
in G2/M. After induction with PMA for 24 hours, 47.7% +/- 
3.04 of the cells were in GO/G1l, 11.7% +/- 1.53 in S and 


40.6% +/- 4.03 were in G2/M. 
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Table 8. Membrane Expression of Lineage Specific and 
Major Histcompatability Antigens on K562 Cells after 
Induction with 4 8- Phorbol 124 Myristate 13 - Acetate 


Satta sass De DDD DD eS SSS ee ee a i we wes ws = es ee ee ee ee ee ee ee ee ee ee 
le 


Membrane Antigens 2 eee = - - - - -- --- ----------- 


Control PMA 
MHC ANTIGENS McAb 
B2 Microglobulin eae, 73P+ 4.51 
HLA - ABC Monomorphic 3= 1330 76°23 .27 
HLA - DR Monomorphic 0 0 
ERYTHROID LINEAGE 
Glycophorin A H85 Oh CSP AISA 39+ 4.35 
B357 7025.76 26+4.56 
MYELOID LINEAGE 
Early Granulocytic 80H5 84~2.66 625+3,21 
82H6 BT tl5 20 195x472 
82H1 20'< 4-02 3>+0 90 
Late Granulocytic 0 0 
Monocytic MO2 0 0 
82H3 68+ 3.57 9541.85 
MEGAKARYOCYTIC LINEAGE 0 0 


“The percentage of positive cells was determined by 
flow cytometry analysis. Values represent the mean + SE 
of four separate experiments. 
Dthe differences between the means of induced and non- 
induced (control) cells are significant at the .05 level 
for Students t test for paired data. 
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Control 
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Figure 14. Reactivity of Monoclonal Antibody 82H3, anti- 
Monocyte, with K562 Cells Induced with 0.5 nM PMA for 24 
Hours 
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Figure 15. Reactivity of Monoclonal Antibody 81H2, anti- 
HLA-ABC, with K562 Cells Induced with 0.5 nM PMA for 24 
Hours 
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Figure 16. Reactivity of H85, anti-Glycophorin, with K562 
Cells Induced with 0.5 nM PMA for 24 Hours. 
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Figure 17. Reactivity of Monoclonal Antibody 82H6, anti- 
Granulocyte, with K562 Cells Induced with 0.5 nM PMA for 24 
Hours 
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PLATE IX. MORPHOLOGY OF K562 CELLS IN CULTURE 


Las Vs ~ e YW weer 2 CD, 
. ) ta ‘ 

s te — a & €: 

‘a OC8nr © £ 

6? Vor OS 9 : 

os» “hive Wea Oe 
b ®) &) oS ~ We le a & 2) S 
>» ~ , ~~ . * 
‘~ S2H ay @ eS 4 & 7 
PAY yy ‘q “aS e222. 6 
a YY 6.8) : “@ S483 . 
— _ _*\ C ™~ Pon wT . =... ~ 
| J i » - cs i Cex *» wa 
| ie = Se AO ee | 
Py ~~~ & 
CY . 4 ag o 
| » ( J ‘ e e 
C Se, “~ > a 
By %& Ogee Vp = o> 
'- ‘J L. 4 ~ ‘6 fn . C .G. ail : 
is 46 VS? pay > ~~ ~ 

on ae e “a Py 7 ~ 
| ~~ ¥s hey | of of mp) a. ae 2 »% - ~~ % 


A) Constitutive K562 Cells Growing as a Single Cell 
Suspension 
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B) K562 Cells showing Adherence to Plastic After 
Induction with 0.5 nM PMA for 24 Hours 
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PLATE X. DEMONSTRATION OF NBT REDUCTION BY K562 


A) 100X Magnification of Untreated K562 Cells with 
Negative NBT Reduction 


B) 100X Magnification of K562 Induced with 0.5 nM PMA for 
24 Hours, Showing Positive NBT Reduction 
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G. Two Parameter Analysis of Cell Cycle and Expression of 
Lineage Specific Membrane Antigens. 


MEMBRANE 
ANTIGEN 
EXPRESSION 


! 


DNA CONTENT 


Figure 18. Correlation of the Binding of Monoclonal 
Antibody 82H3, anti-Monocyte, with DNA Distribution in 
Constitutive -K5625 Celis: 

The results show no clear cut correlation between DNA 
distribution and the binding of 82H3. The G1/G0O phase 
includes a spectrum of cells from negative to strongly 
positive for this antigen. Cells in S phase were 
moderately positive for this antigen. Cells in G2 and M 
phases of the cell cycle included a population of cells 


strongly binding 82H3 as well as cells moderately positive 


for this antigen. 
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MEMBRANE 
ANTIGEN 
EXPRESSION 


DNA CONTENT 
Figure 19. Correlation of the Binding of Monoclonal 
Antibody 82H6, anti-Granulocyte, with DNA Distribution in 
Constitutive K562 Cells. 

The results again show that the expression of the 82H6 
antigen is highly variable in cells in GO/Gl. Most of the 
highly fluorescent cells are in GO/Gl. The cells in §S 
phase are much more uniform in the expression of this 
antigen and the majority of cells appear to be less 
fluorescent than the G1/GO cells. As with 82H3 (Figure 


18), cells in G2/M express slightly more antigen than the 


cells in S phase. 
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MEMBRANE 
ANTIGEN 
EXPRESSION 


DNA CONTENT 
Figure 20. Correlation of the Binding of Monoclonal 
Antibody 80H5, anti-Granulocyte, with DNA Distribution in 
Constitutive K562 Cells. 

Cells in GO/Gl express varying amounts of this 
antigen. Cells showing the strongest antigen expression 
are in GO/Gl. Cells in S and G2 phases have a more uniform 
phenotype. Most of the cells in S and G2 appear to be 
strongly positive, with the G2/M cells showing slightly 


more variability. 
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Figure 21. Correlation of the Binding of Monoclonal 
Antibody B357, anti-Glycophorin, with DNA Distribution in 
Constituve K562 Cells. 

The relationship between cell cycle and membrane 
expression of glycophorin is similar to that observed with 
82H6 (Figure 19), with G1/G0O cells showing a variable 
staining pattern with anti glycophorin. Cells showing the 


strongest antigen expression are in Gl. The majority of 


cells in S and G2/M appear to be moderately fluorescent. 
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CHAPTER? Ve" DISCUSSTON 


A. K562 - A Pluripotential Stem Cell Line 


The results of this study indicated that K562 is a 
pluripotential stem cell line that has the capacity to 
express markers and features characteristic of 
granulocytic, monocytic, erythrocytic and megakaryocytic 
differentiation when exposed to external stimuli. Each 
inducing agent was able to trigger a unique, reproducible 
response, which, in some cases, appeared similar to 
differentiation observed in normal hematopoietic cells. 

Sodium butyrate triggered profound changes in the 
morphology, expression of membrane antigens, and 
cytochemistry of K562 cells. AS previously reported, 
hemoglobin production and membrane glycophorin expression 
was increased (113,114), although the latter change was 
only detected by one of two monoclonal antibodies specific 
for glycophorin. At the same time there appeared to be 
granulocytic differentiation occurring. This statement is 
supportd by the observations of alkaline phosphatase 
activity, synthesis of sudanophilic granules and increased 
PAS positivity. 

After sodium butyrate induction, there was a marked 
decrease in the binding of the McAbs, 80H5, 82H1 and 82H6, 
which are specific for antigens expressed early in myeloid 
differentiation. Similar observations were made by Breton 


—- Gorius et al. (121). This can be interpreted in two 
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ways. These results are consistant with erythroid 
differentiation where one would expect to see a loss of 
myeloid features. The alternative explanation is that 
granulocytic differentiation also occured. The antigens 
recognized by the McAbs 80H5, 82H1 and 82H6 are expressed 
on myeloid progenitors and are progressively lost during 
early granulocyte differentiation (127,128,129). A similar 
phenomenon has also been observed during granulocytic 
differentiation of the promyelocytic cell line HL60 
(personal communication, Dr. P. Mannoni). Therefore the 
expression of these antigens appears to be inversely 
correlated with granulocytic differentiation. 

There was no evidence of terminal myeloid differentiation 
after sodium butyrate induction however, because there was 
no binding of the monoclonal antibodies 80H3 and 82H7, 
which recognize late myeloid markers, and the cells were 
unable to reduce NBT. 

Although it has been previously reported that sodium 
butyrate induces megakaryocytic differentiation in K562 
(120), no evidence of this was observed in this 
investigation. It should be pointed out however that the 
facilities were not available to detect platelet 
peroxidase, one of the most sensitive markers of early 
megakaryocytic differentiation. 

Hemin-induced erythroid differentiation in K562 cells 
was accompanied by increased expression of glycophorin and 
a large increase in hemoglobin production, confirming 


results seen in other studies (115,116,117). However, at 
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the same time an increase in the expression of myeloid 
Specific antigens was observed. A similar observation was 
made by Breton-Gorius et al. in an independent study (121). 
The significance of increased expression of myeloid- 
specific antigens during erythroid differentiation is 
unknown, but it is consistent with the hypothesis that the 
expression of these antigens may be inversely correlated 
With granulocytic differentiation and would therefore be 
expected to increase during erythroid differentiation. 
Hemin also stimulated a marked decrease in PAS 
Staining. A positive PAS reaction is one of the hallmarks 
of erythroleukemia. However there has been surprisingly 
little work published correlating PAS staining with 
differentiation. Attempts to correlate PAS staining of 
erythroblasts with stages of differentiation would be 
difficult because no corresponding normal control exists. 
Normal erythroid progenitors do not stain with PAS (22), 
but cytoplasmic glycogen can be detected by using electron 
microscopy. The concentration of cytoplasmic glycogen 
decreases as erythroid differentiation proceeds (150). 
These results suggest that the decrease of glycogen 
observed after hemin induction of K562 indicated a 
return to more normal erythroid metabolism or that 
erythroid differentiation had occurred. The observations 
that PAS staining of leukemic erythroblasts is variable 
from patient to patient, and often changes during the 


course of the disease (22), may suggest that erythroid 


biolsy¥e to noipasy 


iad 
saiaaevr sorts cine 6 


[> ybots gostae st bi a6 


> = 
- —~ 
4 £ BE aH? 2 


pethib plomigze bat er 
‘= a a: Si 3 Te ogy ois 4 qa —- tnedeteaoo 

yisurevai sd yam saapison oeer i ton 

es oTasen? Sigow Bus nobists n92 92325 al ea 

. Pett 

,avisetinazgegsit frovdagse ¢& risus spheron 09 Bad 
seacapsh &4) sm s mesa sig mise — im } 

ae tes we 


i «64 So ane. ot Soke ee svisiseg A 


f> LeVeEwWwoH- -simeaweLoxe 


a7 525! Gl @edqgmessa nol tka 218 
& = 
SIE spade diiv stentdout 
: VA 
3 = ct “i Ss. Oil —e 
. ; mn ob 210s trspoig blowisyae: 
re § sm asposyip oi 
t aicop ty tO AOLAe3SNpINCD Sat 
$3]O29 HS i tnetelaib biosstiyx 3 28 eeee 
‘oi 
ait ted? saerpus ae 
bat €e2k% to neiszoubni aimor 199% sy 
f oie 
ietiodsse2 broucsayze Iemioa sion ta 
iT. .&os12000 bad noideisae 193255 bo: ity: 
. —y 
“2 8 eteeldoxudayis cimedeel Yo pnintade BAS Se 
1ob sapasds nso Bea ,2reitzaq 63 seaksenis 
‘oldsy1e tan¢ Jesppaga vem .(Sh) Sao aib ads ‘20 onus 


differentiation is arrested at different stages in these 
patients and the stage of arrest may change during the 
course of the disease, 

The response of K562 cells to hemin and sodium butyrate 
is clearly different (Table 9), although both agents have 
been reported to induce erythroid differentiation in K562 
cells (113,114,115). For example, sodium butyrate induced 
a decreased expression of early myeloid-specific antigens, 
while induction with hemin induced an increase of these 
antigens. Sodium butyrate triggered the synthesis of Class 
I MHC antigens, whereas hemin did not. After induction 
with sodium butyrate, PAS staining of K562 cells was 
enhanced, whereas after hemin induction, there was a marked 
decrease of PAS staining. 

Retinoic acid diminished the erythroid phenotype of 
K562 cells by decreasing hemoglobin production and the 
membrane expression of glycophorin. There was also a 
Significant loss of the early granulocyte markers. If the 
premise that the expression of the antigens binding 80H5 is 
inversely correlated with granulocytic differentiation is 


correct, there may be some early granulocytic 


EZ 


differentiation occuring in K562 cells in response to retinoic 


acid. There was no evidence of terminal granulocytic 
differentiation such as synthesis of antigens that appear 
in mature granulocytes or by the development of functions 
characteristic of this lineage. 

This study also provided evidence from cytochemical 


staining and analysis of membrane antigens that DMSO can 
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induce megakaryocytic differentiation in K562 cells while 
repressing the erythroid phenotype. Previous published 
studies have reported no response of K562 to DMSO (112) but 
they were primarily investigating the capacity of DMSO to 
promote erythroid differentiation as it does in the Friend 
erythroleukemia line. The induction of megakaryocytic 
differentiation by DMSO in an "erythroid" cell line has a 
precedent in the observations by Breton-Gorius of the 
response of the erythroleukemia cell line, HEL, to DMSO 
(personal communication). 

Constitutive K562 cells exhibit some features of 
megakaryocytic differentiation such as the expression of 
platelet glycoproteins on the cell membrane (120,121,122). 
This study demonstrated a further example. The staining 
pattern of alpha napthyl acetate esterase resembled that of 
megakaryoblasts. Megakaryoblasts and K562 cells showed a 
localized perinuclear positivity which is moderately 
sensitive to fluoride inhibition (Plate VIII). Andersson 
describes blasts similar to this in a patient with 
erythroid blast crisis of CML (151). 

The megakaryoblastic pattern of alpha napthyl acetate 
esterase in K562 cells and in blast cells from erythroid 
blast crisis of CML, the demonstration of megakaryocytic 
differentiation in "erythroid" cell lines, and the 
identification of a bipotent erythroid - megakaryocytic 
progenitor in mouse bone marrow (35) suggests a possible 


link in the differentiation pathways of erythroid and 
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megakaryocytic lineages. 

The results of this study should be confirmed with 
ultrastructural studies to identify platelet peroxidase in 
the induced cells. The McAb, Cl7, which binds to an 
antigen expressed earlier in megakaryocytic differentiation 
than factor VIII or the IIb-IIIa complex (152), should also 
be used to confirm the results of this investigation. 

As it does in many other cell lines (61,62,64,69), PMA 
appeared to promote monocytic differentiation in K562 
cells. The evidence supporting this statement includes 
morphological changes such as adherence to plastic, 
membrane marker analysis Showing enhancement of expression 
of a monocyte specific antigen, and functional assays 
demonstrating the ability to reduce NBT. It should be 
pointed out that the induced cells were unable to bind the 
McAb, MO2, one of the classical markers of the monocyte 
lineage, and that there was no apparent change in the 
distribution or concentration of alpha napthyl acetate 
esterase in the induced cells. 

Monocytic differentiation has not previously been 
reported for K562 cells and several investigators have 
reported that cells blocked at the stage of a myeloblast 
such as KG-l and K562 are completely resistant to PMA- 
induced differentiation and that the proliferation of these 
cells is not affected by phorbol diesters (153). 

An important observation about PMA induced macophage 
differentiation in K562 and other cell lines is that it 


does not require DNA synthesis (154,155). This violates 
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one of the central dogmas about the requirement of mitosis 
for differentiation. In recent years this relationship 
between proliferation and differentiation in hematopoietic 
cells has been the subject of considerable controversy. 


Another important observation is that PMA, like sodium 


butyrate, induced the synthesis of Class I MHC antigens but 


not that of HLA-DR antigens in K562 cells. Synthesis of 
Class I MHC antigens was not observed after induction with 
hemin, retinoic acid, or» DMSO. 

After replacing PMA-containing medium with fresh 
medium, the macrophage phenotype remained essentially 
unchanged for two weeks, suggesting that PMA was able to 
induce the majority of cells to undergo terminal 
differentiation. In contrast, cultures treated with the 
other inducing agents reverted to their original phenotype 
after approximately 5 days in fresh media. This indicated 
that not all the cells were responsive to the inducing 
agent so that the proliferation of the unresponsive cells 
in the fresh media may have masked the more differentiated 
cells. To test this hypothesis one could use flow 
cytometry analysis of membrane markers to identify those 
cells that appear to be the most and the least 
differentiated, and then examine the stability of their 
phenotypes and their proliferative capacity in fresh media. 
Alternatively, the reversion of the induced cultures back 
to their pre-induced phenotype may suggest that 


differentiation is reversible. 
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With the exception of sodium butyrate, each of the 
inducing agents was able to trigger some degree of 
differentiation while repressing the expression of features 
of the other lineages. This is consistent with the concept 
that differentiation involves a gradual narrowing of the 
spectrum of gene products that a cell can produce, It is 
also consistent with Till's hypothesis (104) of a multiply 
marked pluripotential hematopoietic stem cell that, through 
differentiation, gradually loses features of all lineages 
except one. However, after treatment with inducing agents, 
the K562 cells expressed some antigens, for example, 
platelet specific markers, that were not present in the 
untreated cells. This response is consistent with 
McCulloch's view of pluripotent stem cells which synthesise 
and express antigens characteristic of specific lineages 
during differentiation (92). 

Sodium butyrate appears to be unique in that it induced 
features of erythroid, myeloid and possibly megakaryocytic 
(120) lineages simultaneously in K562 cells. Cell sorting 
experiments and multi-labelling techniques could be used to 
determine if markers of all these lineages appear on the 
same cell, or if there is evidence of lineage fidelity with 
increased differentiation. 

Does K562 represent a model of normal hematopoietic 
differentiation ? Within the erythroid system, the K562 
cell line exhibits many of the features of early erythroid 
differentiation, including hemoglobin production, globin 


MRNA accumulation, glycophorin and spectrin production and 
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erythroid-like patterns of enzymes of heme metabolism. The 
phenotype of K562 cells is compatible with embryonic or 
fetal erythroblasts. For example, the lactose 
dehydrogenase (LDH) isoenzymes are produced ina fetal 
pattern, the i antigen is present and only embryonic and 
fetal hemoglobins are produced (116). Like normal 
embryonic cells, K562 does not express the globin gene 
although the gene is present and intact (117). However, 
erythroid maturation is not normal in these cells. They 
lack ABO and Rh antigens and carbonic anhydrase (112), and 
to this point, terminal erythroid differentiation has not 
been demonstrated in these cells. 

Similarly, K562 cells synthesise megakaryocytic 
Markers, including platelet peroxidase, 5'-nucleotidase and 
platelet glycoproteins; IIa, III, and IIIa. Other early 
Specific markers, such as platelet glycoproteins Ib and IV, 
and Factor VIII related antigen, have not yet been detected 
in K562 cells and terminal differentiation has not yet been 
demonstrated. 

Another major discrepancy with normal hematopoietic 
differentiation is that K562 cells lack the DR antigens. 
Recent studies have shown that pluripotential progenitors 
express HLA-DR (A. Keating, Toronto, Communication at the 
AACHT meeting, Chicago, November 1983, and Dr. Maraninchi 
personal communication). 

In conventional lineage representations of 


hematopoietic differentiation, K562 cells may represent the 
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leukemic counterpart of the stem cell which gives rise to 
cells in erythroid, myeloid, and megakaryocytic lineages. 
If lymphocytic differentiation can be demonstrated for this 
cell line, K562 cells could represent the leukemic form of 
a more primitive stem cell. 

In summary, the K562 cell line appears to be a useful 
model for limited stages of hematopoietic differentiation, 
including embryonic erythropoiesis and early stages of 
megakaryocytic differentiation. The study of both of these 
events is hampered by insufficient quantities of cells from 
normal donors. Kk562 cells cannot be considered 
representative of normal pluripotential progenitors because 
of their inability to complete differentiation in any 
lineage, 

K562 cells appear to be a valid model of leukemic 
pluripotential stem cells - particularly those observed in 
CML blast crisis. Morphologically, CML blasts and K562 
cells are similar; both frequently have karyotypic 
abnormalities and show evidence of lineage infidelity. 
Blasts from patients in CML blast crisis, with similar 
binding patterns of monoclonal antibodies and cytochemical 
staining profiles to K562 cells have been observed 
(98,151). 

Measurement of membrane antigens with specific 
antibodies, and particularly monoclonal antibodies, to 
monitor hematopoietic differentiation is a relatively new 
‘technique. Within the past five years literature in this 


area has expanded tremendously. The function and 
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physiological significance of cell surface antigens defined 
by the vast majority of the antibodies available remains 
unknown. An important research project is to correlate the 
modulation of membrane markers that can be observed during 
differentiation with a particular function. An example is 
the presence of transferrin receptors on the membrane of 
erythroid precursors. Their function is to incorporate 
iron from the plasma into cells for use by mitochondria for 
the synthesis of heme. Other examples of membrane 
receptors, detected by monoclonal antibodies, that have 
specific functions include; T cell receptors, T4 or T8 
antigens, and receptors for interleukin 2 (156). In terms 
of differentiation, the goal of such research would be to 
determine if the changes observed in membrane antigen 
expression can be attributed to the activation or 
inactivation of genes involved in regulation of 
hematopoiesis. 

It is also possible that some differentiation- 
associated and lineage-specific membrane antigens may not 
have functional significance within the hematopoietic 
system. For example, the antigens of the ABO system do not 
appear to be important to the development and function of 
erythrocytes, 

The use of chemical agents and physiological materials 
to stimulate hematopoietic differentiation in leukemic cell 
lines is now a common technique. However, one of the 


problems which has not been addressed is whether the 
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changes that can be measured, particularly in the 
expression of membrane antigens, are artifacts resulting 
from perturbing the growth pattern of the cell line. The 
answer is not obvious. Within this study, this problem was 
investigated by using flow cytometry analysis of DNA 
distribution to analyze the effects of the inducing agents 
on the growth cycle of K562 cells. In addition, two 
parameter analyses of menorane antigen expression and DNA 
distribution on untreated K562 cells was done. The results 
show that some of the inducers did affect the distribution 
of cells in the various phases of the cell cycle. It is 
not possible to say from this study whether cellular 
differentiation influenced growth kinetics or whether 
changes in growth kinetics were due to a non-specific 
action of the inducing agent. 

The two parameter analyses revealed a complex 
relationship between cell cycle and membrane antigen 
expression. It seems unlikely that the changes observed in 
the cell cycle of the induced cells would be sufficient to 
account for the modulation of membrane antigen expression 
observed in this study. The coincident observations of 
morphological, cytochemical and functional maturation that 
are Similar to events observed in leukemic and normal 
hematopoietic differentiation also suggest that the 
changes observed in membrane markers in this study are not 


artifacts. 
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B. Applications of Inducers of Differentiation to Leukemia 


Therapy 


Clinical trials investigating applications of 
differentiation inducing agents to treatment of well- 
differentiated leukemias and pre-leukemic 
conditions are now underway in several centers. 
Preliminary studies indicate that retinoic acid may be 
Clinically effective for inducing terminal differentiation 
in patients with promyelocytic leukemia (69). This study 
Suggests that cancer therapy based on induction of 
differentiation may also be applicable to patients with 
relatively undifferentiated leukemias. Although terminal 
differentiation was never achieved in this study, with the 
possible exception of PMA induction, proliferation rates of 
treated cultures were reduced and, in some cases, cells 
acquired functions characteristic of specific lineages. 

In a recent study (157), K562 cells, which were 
resistant to the cytotoxic action of vincristine, were 
Still able to undergo differentiation when induced with 
hemin or sodium butyrate. Patients who are refractory to 
conventional chemotherapy may benefit from this approach to 
therapy. 

It has also been recently suggested that patients with 
a preleukemic condition may also be responsive to therapy 
with differentiation inducers (69). Current data suggest 
that preleukemic cells can mature in vitro, and that, while 


their differentiation is abnormal, it is closer to normal 
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than observed in AML cells. Currently there is no 
effective therapy for these patients. 

Another approach worth exploring is the use of inducing 
agents to sensitize leukemic cells to cytotoxic drugs. It 
is interesting to note that many of the cytotoxic drugs 
currently in use are able to induce differentiation of 
several leukemic cell lines (69,140). 

One of the problems that has been suggested in treating 
cancer by promoting differentiation, is that karyotypic 
abnormalities present in many tumours may prevent normal 
differentiation. It has been pointed out that chromosomal 
abnormalities may be compatible with normal differentiation 
Cone: 

This study also provided additional evidence supporting 
the role of monoclonal antibodies and the 5'-nucleotidase 
stain, in conjunction with conventional cytochemistry, for 
classifying poorly differentiated leukemias. The 5'- 
nucleotidase stain, which has not previously been used as a 
tool for investigating differentiation in cell lines, was 
used in this study as a cytochemical marker of 
megakaryocytic differentiation. The results indicated that 
this stain may be useful in an analogous way to the 
acetylcholinesterase stain in murine systems (158). It may 
also provide a less expensive substitute for 
ultrastructural studies used in diagnosing megakaryoblastic 


leukemia and for studying megakaryocytic differentiation. 
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C. The Relationship between Expression of MHC Antigens, 


Malignancy, and Differentiation 


One of the most exciting results of this investigation 
was that K562 cells express class I MHC antigens under 
certain conditions. There is growing evidence that MHC 
antigens play a role in cell differentiation, including 
hematopoiesis and in the immune response to malignancy 
(315971607161 ,162,163)% 

After induction with sodium butyrate or PMA, K562 cells 
expressed class I MHC antigens. This was confirmed for 
sodium butyrate treated cells by immune precipitation and 
by identification of Class I MHC mRNA in experiments done 
by Marc Fellous and Frederic Rosa at the Institut Pasteur 
in Paris. These results are unique for several reasons, 
K562 cells have been described as lacking Class I and II 
MHC antigens (112,116,164). This is the first report of 
expression of HLA-ABC and B2 microg lobulin vin. K562 cells; 
Secondly, although interferon enhances the expression of 
MHC antigens in several cell types (165,166), this is the 
first report that a substance other than a lymphokine can 
trigger the synthesis of these antigens. 

To further investigate the induction of class I 
antigens, K562 cells were treated with alpha, beta, and 
gamma interferons. K562 cells were able to sythesize Class 
I antigens under these conditions as well, but as was seen 
in similar experiments with sodium butyrate, none of the 


interferons stimulated the synthesis of HLA-DR antigens. 
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It should be pointed out that since the preliminary 
experiments, there have been passages of K562 in which weak 
binding OF ene McAbs 81H2 and M18 (anti-HLA class I) was 
observed in uninduced cultures. There are several possible 
explanations for this phenomenon. In the literature, 
cytotoxicity assays have been the primary test for membrane 
expression of class I antigens on K562 cells. This study 
indicates that this is an inappropriate test with K562 
cells because of their anticomplementary properties. This 
was demonstrated by the observation that the McAbs 9Hl1, 
83H1, and 81H2, which are lymphocytotoxic and which bind to 
K562 after sodium butyrate or interferon induction, were 
unable to kill K562 cells in a cytotoxicity assay. 
Therefore, it is possible that some K562 cells do 
transiently express HLA-ABC antigens and B2 microglobulin 
when cultured for long periods of time. This may be 
attributed to clonal evolution, or to the spontaneous 
induction of discrete stages of differentiation. 
Alternatively, the sporadic expression of these antigens in 
K562 cells may be an artifact. The McAbs specific for 
class I antigens may be cross reacting with other antigens 
unrelated to HLA that are transiently expressed on the cell 
membrane. For example, the W6/32 McAb specific for a 
monomorphic human HLA antigen has been shown to cross react 
with a mouse tumor associated antigen (167). 

The mechanisms of induction of Class I antigens by 
sodium butyrate and interferon appear to be different. The 


evidence supporting this is that there appears to be an 
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additive relationship as measured by production of mRNA and 
cytoplasmic antigen in K562 after double induction with 
sodium butyrate followed by interferon. These results were 
particularly striking for gamma interferon (Plates I,II). 
The observation that sodium butyrate decreased the 
expression of class I MHC antigens on normal T lymphocytes 
‘(Figure 4), and on the cell lines HEL and HL60 (data not 
shown), while interferon enhanced antigen expression 
(Figure 4), also corroborated the hypothesis that sodium 
butyrate and interferon act by different mechanisms. 

To try and explain the relationship between these 
compounds, it was postulated that sodium butyrate may be 
acting by increasing the number of receptors for interferon 
on the cell membrane of K562, or by stimulating the 
production of interferon by K562. In experiments done by 
M. Fellous and F. Rosa, (personal communication) attempts 
to block the action of sodium butyrate failed, when an 
antibody to interferon was added to the culture media. 

This suggests that sodium butyrate does not influence the 
production of, or response to, interferon by K562 cells. 

Using immune fluorescence, the K562 cells induced with 
interferon or sodium butyrate were typed and found to 
express A2 and B12 antigens. Because the HLA phenotype of 
the woman from whom K562 originated is unknown, it is not 
possible to say whether this typing reflects her phenotype. 
It would be desirable to type the induced cells with a 


larger panel of HLA antisera to see whether a complete 
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typing could be obtained, or whether her cells would react 
to most antisera, which is characteristic of many leukemic 
blasts. 

Although the involvement of class I MHC antigens in the 
regulation of cell interactions in the immune system is 
well established, the widespread distribution of these 
antigens in the body suggest that they may have a wider 
role in regulating cell interactions. 

Within the hematopoietic system, class I and II MHC 
antigens are expressed in all cell lineages at some point, 
with modulation occurring during differentiation. Class II 
antigens are lost during early stages of development of all 
blood cells except for B lymphocytes and monocytes. Mature 
erythrocytes and perhaps platelets lack both class I and II 
MHC antigens. As well as quantitative differences (159) 
between cell lineages, there also appear to be qualitative 
differences. A recent paper reports that the expression of 
HLA-DR antigens on lymphoid cells differs from those on 
myeloid cells (160). The authors suggest this lineage- 
restricted variation provides the basis for tissue specific 
recognition signals required for cell interactions and 
differentiation. 

The variable effects that interferons have on 
differentiation in many cell lines may be attributed to 
their profound effects on the expression of MHC antigens in 
these cells. 

In this study, the expression of class I MHC antigens 


in K562 cells after treatment with well known inducing 
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agents may not be a coincidence. The two agents, sodium 
butyrate and PMA, which triggered the most profound changes 
in K562 cells and were the most effective inhibitors of 
cell proliferation, were also able to induce the synthesis 
of HLA-ABC antigens and 62 MiCErogLODUIM ne nw Kho. O02. LGeels 
difficult to equate the synthesis of class I MHC antigens 
by induced K562 to events in normal hematopoiesis because 
it is not known whether primitive pluripotential stem cells 
express these antigens. 

To further explore the relationship between 
differentiation and expression of class I antigens in this 
model system, K562 cells could be treated with interferon 
to stimulate MHC antigen production prior to induction with 
retinoic acid, DMSO or hemin. HL60 has been shown to be 
more responsive to inducing agents under these conditions 
(74), but this cell line constitutively expresses class if 
MHC antigens. 

In a recent paper that explores the relationship 
between expression of class I MHC antigens and malignancy, 
the authors report that there is often a substantial 
decrease or virtual absence of these antigens in a wide 
variety of tumours (161,162). There is also a clear 
inverse relationship between the expression of MHC class I 
antigens and the degree of malignancy in some tumors (163). 

Because neoplasms appear to be disorders of cell 
differentiation, these observations further implicate the 


involvement of the MHC antigens in the regulation of cell 


; ; t 
i> Brpoisrm 


F 
if) 


fu 
, 
$ 
ye 
nt 
= 
ao. 
“ke 
im! 
re | 


| pene ae 
etsedinys 2sdt-aouhni.of. ids. oats e%8 


. ay 
#i. gi. .S$a08 al niisgdoipessin cf ns. 


BaaehIne eRe id 
a o 


dad cidesoistsiles eds fap fa: & 194202 ¢ 
i = 


os : : 
& to nokeeorces bab aoldatd 
f : 333 sd blues. sifes Saez emesaya nA 
- \ Pass 
AY 
« [ BO EG aepat Zo es. t 
Y ~ on 9 
ae wed 40-028 
By ios 
é ig 396A | priovSneé. oF 
22 rs fe £ enos sari iiss 
£ : “ 3 2 &<j 
n bas atepizns S84 1 [5 Jo notae 
[ S = oO r if st sic Ja 4 


— 


>: eharatepiiens: yed3703 ol savaento seedy ,noi3s6 
-Liso te asizalvpe: sa3 ni en nagsane DHF. tts toa 


. 
ae’ fia - 

. 

— , x 2» 


i 


differentiation. 


<n me fob rei we | A Prat 


REFERENCES 


1. Markert CL: Cancer: The Survival of the fittest. in 
Saunders GF (ed): Cell Differentiation and Neoplasia, New 
York, Raven Press, 1978, p 9 


2. Sachs G: Constitutive uncoupling of pathways of gene 
expression that control growth and differentiation in 
myeloid leukemia. A model for the origin and progression of 
malignancy. Proc Natl Acad Sci USA 77:6152, 1980 


3. Clarkson DB: Acute myelocytic leukemia in adults. 
Cancer h3061572;761972 


4, Pitot HC: Some aspects of developmental biology of 
neoplasia. Cancer Res 28:1880, 1968 


5. Tsansev R, Sendov B: An epigenetic mechanism for 
carcinogenesis. Z Krebsforsch 76:299, 1971 


6. Dustin P: Cell differentiation and carcinogenesis: A 
critical review. Cell Tissue Kinet 5:519, 1972 


7.  Hozumi N, Tonegawa S:;: Evidence for somatic 
rearrangement of immunoglobulin genes coding for variable 
and constant regions. Proc Natl Acad Sci USA 73:3628, 1976 


8. Pierce GB: Differentiation of normal and malignant 
cells. Fed Proc 29:1248, 1970 


9. Paul J: Cell differentiation and cancer - a summary. 
in Saunders GF (ed): Cell Differentiation and Neoplasia, 
New York, Raven Press, 1978, p 525 


10. Prasad KN, Sinha PK: Regulation of differentiated 
functions and malignancy in neuroblastoma cells in culture. 
in Saunders GF (ed): Cell Differentiation and Neoplasia, 
New York, Raven Press, 1978, p--- 


ll. Pierce GB: Teratocarcinoma: Model for the 
developmental concept of cancer. in Moscona AA, Monroy A 
(eds): Current Topics in Developmental Biology, Vol 2. New 
York, Academic Press, 1967, p 223 


12. Everson TC, Cole WH: Spontaneous Regression of 
Cancer, Philadelphia, WB Saunders, 1966 


13. Robb-Smith AHT: Why the platelets were discovered. 
Brit J Haemat 13:618, 1967 


14. Gunz FW: The dread leukemias and the lymphomas: Their 


nature and their prospects. in Wintrobe M (ed): Blood, Pure 
and Eloquent, New York, McGraw-Hill, 1980, p 511 


129 


at tas oo sae 30 | pale eit 4% 
wot ai se aia bas nolaat ners 


5 
Ape 


ae 
aN i 


~ Pe 

e 

cal 
7 ‘g 


a >, ae 


anap to Oe pailqueomy ev 
ni aotisigaewstizb Eas Adwor 
ic notewsipoy Bas nipiso saz ep 
182i .S@iect\ Aly ise bss. 


,atinbs nai simodvet cityooleym s 


veo! [sinemgoleveb 30 esdoeqa 
Belt ~OBBESRS 


; = eae ara ‘i 
(30? meingdget olsenepiqs aA 26 vobaee A aici 
ler ,8@&. aT do to leder $ 38 Bice 


a 
we 7 


Meal nae =) wae 

inies Bre nol s6t3nerstass if e939 in ue 
1. “y 4¢ te — ues De eae | fs" wolves F BS. —~— - 
Jsmoe ici szarebivi =2 swepsnoT yA ‘ime oy 
¥ eat bide sp aiindolpotommi fo insmep mse 
20 io@ bsod i3BM S634; Savane eee 


Pe 
yo 
aha a 


S3nAS Boe noljsisgns1s22fh ited ut t ie 
4p tias $id {isd tbe) belay: ites 
2$2 aq ,8V¥ei .Bae19 ne ita: 


3 AROIABS USS :29 sng Bx Bees 
. jexidoxves at yonsapilem bas en od 
5s molssistneye3zid Ifed s(bs) tS weer nee: 


Ya3 Gf 
se=q , STOOL ,assy9 BOVER 4: #203 a 
aN : ws: eae op 
sit 30% I6shom :samontioyssosjsietT -=85 on 7 
tA anos2omM Al ,4eoned Yo Saqeon 


J 
mqoloved af eo 
-re we id - 
€ a q 4 = 


“ 

r 

> of 
a) 


‘oO nOlgaS ype sloensinege sBW sloDd ,dT kt 
d28i .e18ebsysee AW <bidg Labeled oer 
Se yevooalrd eisw =z jslatsig iJ yaw ‘THA dgima~dde iin 

Voet ,Slar£l JEmoee 7? 


ie 7) 
asinedpel beet st sae: F 


tianrt 2emor;lagmvi ef Sis 
* t = j 4 c fF | : i 
pa ioe + Ol [i =) f aqossniv ni .2J0eqeo1g sient B 4 


(AEE Gg O8RL \TLER-wesDOM yA70k Wert am pe te 
ie 


® i 


: Rope) “e =. a ra 
a de aie ial 


Wise. De ms ana . pS awh 
oe teas ee ee: rien 


130 


15. Beale L: On the germinal matter of the blood with 
remarks upon the formation of fibrin. Trans microsc Soc NS 
12:47, 1864 


16. Hayem G: L'hematoblaste, troisieme element sang. 
Press Universtaires de France, Paris. 1923 


17. Tavassoli M: Bone Marrow: The seedbed of blood. in 
Wintrobe M (ed): Blood Pure and Eloquent, New York, McGraw- 
Hid, T9S0F- pioy 


18. Lajtha LG: The common ancestral cell. in Wintrobe M 
(ed): Blood Pure and Eloquent, New York, McGraw-Hill, 1980, 
p 81 


19. Wright JH: Die enstehung der blutplattchen. Arch F 
Path Anat u Physiol 186:55, 1906 


20. Breton-Gorius J, Guichard J: Ultrastructural 
localization of peroxidase in human platelets and 
megakaryocytes. Am J Path 66:277, 1972 


21. Wintrobe MM et al: Neoplastic disorders of the 
hematopoietic system. in Wintrobe MM (ed): Clinical 
Hematology, Philadelphia, Lea & Febiger, 1981, p 1447 


22. Hayhoe FGJ, Quaglino D: Haematological Cytochemistry. 
Edinburgh, Churchill Livingstone, 1980 


23. Till JE, McCulloch EA: A direct measurement of the 
radiation sensitivity of normal bone marrow cells. Radiat 
Res 14:213, 1961 


2400 PluzniksDH, Sachs L: The cloning of normal “mast” 
cells in tissue culture. J Cell Physiol 66:319, 1965 


25. Bradley TR, Metcalf D: The growth of mouse bone 
marrow cells in vitro. Austr J Exp Biol Med 44:287, 1966 


26. Stephenson JR, Axelrad AA, McLeod DL, Shreeve MM: 
Induction of colonies of hemoglobin synthesising cells by 
erythropoietin in vitro. Proc Natl Acad Sci USA 68:1542, 
OTL 


27. Axelrad AA, Mcleod DL, Shreeve MM, Heath DS: 
Properties of cells that produce erythrocytic colonies in 
vitro, in Robinson WA (ed): Hemopoiesis in Culture, 
Washington DC., U.S. Government Printing Office 


28. Metcalf P, Macdonald HR, Odartchenko N, Sadat B: 
Growth of the mouse megokaryocyte colonies in vitro. Proc 
Natl sAcad ?ScreUSAa/7221744, e978 


pl ae 


dda t boold ead ra 38. i 
a soe S20t>im ene1t ABs as t 
Pep i va ah EPC, at) 
aoe. in ty, a : 
_pnes snomele omoteioi? a seldaz 
ESed:, 1Bt3et: 48 hae ty 


a , > oI 77 
nt bow Te ST beeuneee eee rer pease 
xDoK ' SOY wen sdneuporle: bas ae C 

7 ? - ~*~ 5 ry 


edo1iniW al .iiso laaJesons pommoe ant pee 
fl it-wePoM ,AIcY wet 4 Shida en 
neu) 


eda a. ‘ rage oe i 

a a -, "1 weeded tet a) $i i > 3So pruste 7RAe: -#IC-< = Fi 4 Jap: 
“B08! SF: agar loleyd. is 
: . > jix ’ i es 


PPIDSSIILY Lu So Sid THD ib euticd- 
: 9 jgigq aod ik seshbixnoieg 29° 


S28e fast. u mA ee 

; ») 
20 aysbioeld sisasicogosw sis 3s re sdaesh oe 
thitS <¢(be} AM edowtaky axe ut Lobes v3 otsel ogo7 
> ,l#@l ,senridst 2 see ,eii¢g ebelint sfod: 


*-] 


~ 


: Le5ipolfo si s@ onifpsug ,toF 
/ C8 srosenonivigd era: 


: ‘= ” — * e 7 
jnemeiwpesem JoeTtib A : A438 dmeoLirdoi ‘eu Eth 
aiLeo- woy rsm ened Leayor fo’ ¥eivis ee olsal 5 


[seIr ——— 
?° ££ = - * - = ¢ be | a ~ ‘aq 
jeau" famzon te prinoio set :J edoaes Bd ainey gd 
Sapa rr. ig ‘ sy su4f irs YS 
er 
wares 
noc Seyom 36 RIWOIP ST 1a PisosIeOM- .AT-4 yor! “> t 
Sei ,T8S;ob Hem lols qe | wISyA, .owsry ax “et 
Dy uta 


fe 
‘ 
G 
-” 
VW 


: syYeactRe? cI Bos Mm 4 Bi os _ qobnre toe 
Yc: 2 5 onisiesia Fdolpoatey oa aeinoilon 30: nol di 


9 
,ihc1l:58 480 198 Sack [ISK OT? uiV us wlseu 


oc m3seh ~AMN svesune ,JId SoeaioM ,AA perisy ' 
ni 2eernoles ofsysortayie sorbord 2edd aileo 30 ee. txege 
,Siusisd> mai aiseteqomes ;: (be), AW soanidof nk om: 
S[j7760 celrsaniss teremnreveD 8.0 4.00 “nosentdes 


BD 1 
ttebO .HE Blencbost .¢ iisojomM 28s 
oy st¥ooy7sdopest eavom ead an d we 

eres sbOT e895 ABD fo@ bes wet 
| ; Ae 


29. Fauser AA, Messner HA: Identification of 
megokaryocytes, macrophages and eosinophils in colonies of 
human bone marrow containing neutrophilic granulocytes and 
erythroblasts. Blood 53:1023, 1979 


30. Johnson GR: Colony formation in agar by adult bone 
Marrow multipotential hemopoietic cells. J Cell Physiol 
1O8:3715° b980 


31. Ogawa M, Porter PN, Tatsutoshi Nakahata: Renewal and 
committment to differentiation of hemopoietic stem cells 
(an interpretive review). Blood 61:823, 1983 


32. Dexter TM, Allen TD, Lajtha LG: Conditions 
controlling the proliferation of haemopoietic stem cells in 
Vitro 3 JeCe ll, Physio 1s/92:335,° 977. 


SS,UL TISSUE, McCulloch’ EA,~Siminovitch, L: A“stochastic 
model of stem cell proliferation based on the growth of 
spleen - colony forming cells. Proc Natl Acad Sci USA 
51:29, 1964 


34. Korn AP, Henkelman RM, Ottensmeyer FP, Till JE: 
Investigation of a stochastic model of haemopoiesis. Exp 
Hematol 1:362, 1973 


35. Humphries RK, Eaves Ac, Eaves CJ: Characterization of 
a primitive erythropoietic progenitor found in mouse marrow 
befroe and after several weeks in culture. Blood 53:746, 
1979 


36. Fauser AA, Messner HA: Granuloerythropoietic colonies 
in human bone marrow, peripheral blood and cord blood. 
BlOOd¥52 322243, .1.973 


37. Trenton JJ: Influence of hematopoietic organ stroma 
(hematopoietic inductive microenvironments) on stem cell 
differentiation, in Gordon AS (ed): Regulatory 
Hematopoiesis. New York, Appleton-Century-Crofts, 1970, p 
61) 


38. Van Zant G, Goldwasser E: Competition between 
erythropoietin and colony - stimulating factor for target 
cells in mouse marrow. Blood 53:946, 1979 


a9. Johnson GR: Is erythropoiesis an obligatory step in 
the commitment of multipotential hematopoietic stem cells ? 
in Baum SJ, Ledney GD, Kahn A (eds): Experimental 
Hematology Today. New York, Springer-Verlag, 1981, p 13 


40. Hunt RC, Marshall LM: Membrane protein redistribution 
during differentiation of cultured human erythroleukemic 
celils2s Mol —Celd® Bio lea 24:50; 


‘hes jk 


390 noises titans 
30 esinolos oi oti ieesis 
bia 8 eee ottieoeaea 


7 oe . Seae 
enod jsinube: yd sepa. et oka ; 
ccen eva Piss fe -ailes Bee irk ogo: m3 A 
; bes noon 


Pas 


; “+1 . wie 
cs Lawenet :esedsdet.. ina osvedst rh Pr Se 
, ) oltatogomed 20 noisaijneis? . 
BGl .€88. 13 Sa0fe. otwelvex 
, Ga: 
- SAO FLbno3 107 eidt ~~ at. rsiisz 
feo mete plteioconesd 36 aol dezetiiewe aml 


ae 


Tel .af6 le Lokayde 


Sy Oo (Oy 
ipadoote A. +2 dodiveaisie Ag ‘doollvooM 43 a 
pa dinie bse be siete iiss f 


i he 
€ ; a 

roa: PROM AT ae He a 

a ee i + 453% USYSReaAsIsO. «an eaMLS ASH aa oe 


» ~~ * a ™ r _ 
Oyomseta to ishog soransrooss & Ro not rae es 


Ever Sa8s: P boa 


— $24" : \ BSGOVB2R «AH 8 
/ F 3-4 F iq oSJetoge 
} oi Luo 22esy iayoyoa 
r ™, ~ vad » > 
a | ‘3 a p= ho f % a Pa. 18 £¢e 3M ANS : 
- * oS 
aid Bron bas Beo issadet aie: || WOT Tm, red. nett 


‘oad ‘ever .E0Sh G82 Bow. 


aepi0 >idsiogedsmed 20 ebnentint pbb sonore 


a3i 10 QeD Tou Wisoubas osgem 
(ic3siupak -(56) SA neobied AE ynoss 
; -yYigsne SseICGA °, #IOY von Riaaseeoa 


= Vay ca : 
¥ 48 

, 7 mo; 

s6aaneWwbiod «2 


i | = TO <4 sek a BM, OF ; 
} 2: pelsslomize = yaoloo Sas 
e S€:t2 bool .wowitsa es 


AL Geese Wid sige Ae aiaet OG ety ai «hv 

¢ alien mege otisinnotessd Isisnedeg? stm 20. dnesteae 
{eiqemssege :ishe) A adex .d0 yeubot (bE es 

Le2i .eélieaV~repnizae <ase¥ wer + ¥BboT sis J 

Gissi #3 nistoun ees7,ag@em yh Lisdesen <OR com! 
SiMstUse O1dtysa nemud Bedasvive Fo melsstsne2ssae 
OELind foig mers 


fa) 


P32 


41. Ferrero D, Pessano S, Pagliardii GL, Rovera G:; 
Induction of differentiation of human myeloid leukemias: 
Surface changes probed with monoclonal antibodies. Blood 
Ol: bE, “1983 


42. Dayton ET, Perussia B, Trinchiera G: Correlation 
between differentiation, expression of monocyte specific 
antigens and cytotoxic functions in human promyelocytic 
cell lines treated with leukocyte conditioned media. J 
Immunobh 130s L120; 2933 


43. Foon KA, Schroff RW, Gale PG: Surface markers on 
leukemia and lymphoma cells: Recent advances. Blood 60:1, 
GZ 


44, Sieff C, et al.: Changes in cell surface antigen 
expression during hematopoietic differentiation. Blood 
60701, 1982 


45. Andersson LC, Siimmes MA, Lehtonen E, Gahmberg CG: 
Structural and functional markers during induced 
differentiation in human leukemia cell lines. in Reoltella 
et al. (ed): Expression of Differentiated Functions in 
Cancer Cells, New York, Raven Press, 1982 


£6) >01Straus iLC, Stuarte-RK .‘Civim CL: Antigenic analysis of 
hematopoiesis. I. Expression of the My-l granulocyte 
surface antigen on human marrow cells and leukemic cell 
finest tsslo0d61% E2221 983 


Ae Griffin JD et alv: Differentiation patterns in the 
blastic phase of chronic myeloid leukemia. Blood 61:85, 
1983 


48. Locke M: Major Problems in Developmental Biology, New 
York, Academic, 1966 


49. Holtzer H, Weintraub H, Mayne R, Mochan B: The cell 
cycle, cell lineages and cell differentiation. in Moscanna 
AA, Monroy A (eds): Current Topics in Developmental 
Biology, vol 7. New York, Academic, 1972, p 229 


50. Loritz F, Bernstein A, Miller R: Early and late 
volume changes during erythroid differentiation of cultured 
friend leukemic cells. J Cell Physiol 90:423, 


51. Fiback E, Treves A, Peled T, Rachmilewitz EA: Changes 
in cell kinetics associated with differentiation of a human 
promyelocytic cell line (HL60). Cell Tissue Kinet 15:423, 
1982 


S27 .GaZicony, pei tch cAipaMankis iB, oRifkiind Re Cell volume 
changes in relation to the cell cycle of differentiating 
erythroleukemic cells. Exp Cell Research 117:413, 1978 


yt & — - 7 iow 
ip J 


wissiezyod 22 sseidontae. ve 
oftisete sivoon aS 4 
Sityoofeynoig Demet ne enoljonyt 
t .sthem bene! i3ibaog siyoosnel if 
) siadtism sos tine sDd shes. EON: 
Boole ,assnevbs ineogn :eiisn sang 
Tee 54 Tif Lb: Ss 5 eeorns tS + ae I 
: risitast+:sIIib sisseroaostsi 
o 2 BD\i,2 ferotded \AM sommtie: goa 
inibat palasb ersdtsn spedet ii aate tot: isy 
sanid Ifso simeivel nsamid mi aores tai 
4 he tneretiia %6 acleessgse + . 
Sei Zeold nave .wyoy wer 
242% fi I #ivid _,#2 Jisvse «ol Byer 
: Z 3. to. noleaestoxsh .P ve 
” i asffean WoTISsMm oats Wo nTeps 
Lot [ aise > 
4 t 


#$ oi anyetteg aolsetineysttic ants 45 CL ana S 
c#718 bool®@ . simestye bioLayn s ttozd>) Jo eee 
| ee 

oleved at ansiderTd setam 7M ® 

. aae€t oimabeoR 4H 


iuexteiew i 198% Lait 


-~ 
~ is) 
a 


poi i Y8M 5 
anasDpaek ai .nctisisgnse7e31ib iiss Bre eepssnit s 33° 
sJnawooleved wi seideT jasz392 : (269) AY® 
e e 81 SimebsoA .#rOY wor Tt ' 
7 dy n fe" 
t '62-:8 Wellih .A nretenitod 4 
: e : ' bij3nstst3is biorasyzse earwd = 
é foleydt if69 L .siise of 


5 titwelinvpekR .T Bates yA abe .& -dosd 


es eoidorn 
ileo ott 


ai, nad, i aia ie | ae: 4 
emviovy (ie) :8 baixiia ,4 acyeM yA dotie®? 4Y seieeoee 
r3HiInerehITib Jo sloyp dies BAS a3 roti da 2 SONS 
evel ,tie-tIf dosseeeA# Eilga qza Lisa >ime; sloxs 
a) 3 | ile 


me 
> 
"3 
as 
La 
‘ 
- 
a 
o 
en 
5] 
Sed } 
be 


E33 


53. Praznel I, Arndt-Jobin DJ, Jobin TM, Fagg B: in prep 


54. Harrison PR et al.: Kinetic studies of gene frequency 
I. Use of a DNA copy of reticulocyte 9 S RNA to estimate 
globin gene dosage in mouse tissue. J Mol Biol 84:555, 1974 


55. Robinson J et al.: Expression of cell surface HLA-DR, 
HLA-ABC and glycophorin during erythroid differentiation. 
Nature 289:68, 1981 


56. Friend C, Scher W, Holland JG, Sato T: Hemoglobin 
synthesis in murine virus induced leukemic cells in vitro: 
Stimulation of erythroid differentiation by dimethyl 
sulphoxide. Proc Natl Acad Sci USA 68:378, 1971 


57. Marks PA, Rifkind RA: Erythroleukemic 
Differentiation. Ann Rev Biochem 47:419, 1978 


58. Collins SJ, Gallo RC, Gallagher RE: Continuous growth 
and differentiation of human myeloid leukemia cell in 
suspension culture. Nature 270:347, 1977 


59. Collins SJ, Ruscetti FW, Gallagher RE, Gallo RC: 
Terminal differentiation of human promyelocyte leukemia 
cells induced by dimethyl sulphoxide and other polar 
compounds. Proc Natl Acad Sci USA 75:2458, 1978 


60.) Breitman TR, Selonich SE, Collins Sd: cInduction of 
differentiation of the human prolmyelocytic cell line 
(HL60) by retinoic acid. Proc Natl Acad Sci USA 77:2936, 
1980 


61. Rovera G, O'Brien TG, Diamond L: Induction of 
differentiation in human promyelocytic leukemia cells by 
tumor promotors. Science 204:868, 1979 


62. Rovera G, Santoli D, Damsky C: Human promyelocytic 
leukemia cells in culture differentiate into macrophage 
like cells when treated with phorbol diesters. Proc Natl 
Acad Sci USA 76:2779, 1979 


63. Koeffler HP, Golde DW: Acute myelogenous leukemia. A 
human cell line responsive to colony stimulating activity. 
Science 200:1153, 1978 


64. Koeffler HP, Bar-Ele M, Territo M: Heterogeneity of 
human myeloid leukemia cell response to phorbol diesters. 
Blood 54, (Suppl 1) 174a, 1979 


65. Martin P, Papayannopoulou T: HEL cells: A new human 
erythroleukemia cell line with spontaneous and induced 
globin expression. Science 216:1233, 1982 


‘Sy & & 


- 
—~. 


I~4.18 sont 7H 
norssiszasie33 
2H +f o362 .dL ‘bnsiton: at coat 
ox3 allay olmedyel beoubaz egiiv, on 
aib yd nolisisne2era ge. biordsy 
IT@i VBVve 83 £28058 BeoA ise i 
nimetuoléxdives 348 salvia wd 
Vel ,~@ilb)eVs #9710018. var: eae 10) 
: : a 
. : ir 
ey ah ad * rs 
1G % “i3 i 35 fisdD .D9 otis a rpc 
Fi = 5 ¥] > ai f i. 7 4 SPY MAS a4 Fe: nots. - 4 
‘ 4 «vhEe0TS' Sivie4  .esusiin an 
a - oc ay f 
.a8 yetoslie=. (3 tatooaum , Le eal 
tvools HO tsnud So noistsatsaszet. ib. tend 
Yo Boe’ ebixonqios Iyd3emib yd. ae Bil 
PYG! ~Be@as-28) AST Loe Bass {3st (Dork, eau! 2g 


cotsoybal 72 enilied «ae deinois® <atigs ad is sat St 
; {feo oisyooleymioig nameg SA3 fe net #idas192 
gett ian be 1 901% [bios stonisex yd (08 


: ff. eae 
fae 


3 i nomsic .DT netid'o .o Br0N4 
SS &im [ osiayoqleyso1q asad at ook: Jase 
se] San A 2 + 5Sioe 278d ome I< 
$02-eonslae . nee, ‘ i 
| y smed .c biognse 
saa e302 Si8isgetetleh ssuslus al; 
o7rG .e3s if} iedreodg airy, 68728035) A 
F eVe@E sey TSrat 
onecofevm sjyoA :Wd ebios ,ah 19132904 
; s coat 
lisivmiss yaole> 04 evienegsess eabbat, 22 


eter. it i “sane 


20D VILSERSPCWSISE =H OIITZ att “M e18-3588 .SH 1919280) pon ; 
2teIsui® [odiong of senogesy iiss simesgel bBkols rie | AB 
OVei gehts ds Jagd) aS 


Peet i seis G28 <«T volvogonn sysdsg .@ abs us 
‘ ~~ > GS ~ 2.46 - <4 — O33: f+ 
besubat bos evostatnoge Ajiw sail ifeo a . 
c@er Eck I aes sons hog seotene: re. nid 


> Zz f 


66. Papayannopoulou T et al.: Human erythroleukemia cell 
line (HEL) undergoes a drastic macrophage like shift with 
TPA. Blood 62:832, 1983 


67. Lozzio CB, Lozzio BB: Human chronic myelogenous 
leukemia cell line with positive philadelphia chromosome. 
BRoodHR45:3320 7.00975 


68. Cooper R, Braunwald A, Kuo A: Phorbol ester induction 
of leukemia cell differentiation is a membrane mediated 
process. Proc Natl Acad Sci USA 79:2865, 1982 


69. Koeffler HP: Induction of differentiation of human 
acute myelogenous leukemia cells: Therapeutic implications. 
Blood 62:709, 1983 


70. Wolbach SB, Howe PR: Tissue changes following 
deprivation of fat soluable A vitamin. J Exp Med 42:753, 
1925 


71. Doer D, Koeffler HP: Retinoic acid enhances colony 
stimulating factor induced clonal growth of human myeloid 
progenitor cells in vitro. Exp Cell Res 138:193, 1982 


72. Douer D, Koeffler HP: Retinoic acid enhances growth 
of human early erythroid progenitor cells in vitro. J Clin 
Invest 69:1039, 1982 


73. Doer D, Koeffler HP: Retinoic acid inhibition of the 
clonal growth of human myeloid leukemia cells. J Clin 
Invest 69:277, 1982 


74. Hattori T et al.: Interferon-induced differentiation 
of U937 cells. Comparison with other agents that promote 
differentiation of human myeloid or monocytelike cell 
lines. J Clin Invest 72:237, 1983 


75. Cioe L, Meo P, Sorrentino V, Rossi GB: Modulation of 
hemoglobin synthesis in K562(S) cells treated with 
Interferons. Blood 61:1146, 1983 


76. Sundstrom C, Nillson K: Establishment and the 
characterization of human histiocytic lymphoma cell lines 
(U937). Int J Cancer 17:565, 1976 


7/7 Oe LROSSYP “GB Beteal Ssainhibitron"eb transeription and 
translation of globin mRNA in DMSO treated Friend 
erythroleukemia cells treated with interferon. Proc Natl 
Acad Sci USA 74:2036, 1977 


78. Dolei A et al.: Interferon effects of Friend leukemia 
cells. I. Expression of virus and erythroid markers in 
untreated and dimethyl sulfoxide treated cells. J Gen Virol 
46:227, 1980 


134 


— & ff : SS gy) oes 


te sinstiecoxcayee 
Asiy s2ida gts we 


a | 


aionegoroye pinoxds © sismen Yee 


. smosoRnOI ss ‘siéqgtohsl ida velbiaed 1am 
bee More 
Lh peal fee 


hess iset ens 
Ee eassyet 420, £92 BBOR 
es ri 


mmund° to toi sntsuanes Sine noissubat’ +98 - top S 
encisvenifgumt: Srsveqe sen? reileo.: meena sci spOnSpS 
oa : 2 ©) ey =P Bil z 
oriwolfo3 sepnanto ove’ +P 49 swOH A :s- eo 
f20+th bak axe & nimagiv & oldsulos ‘382 ‘304 oF oe F 
7 ; ay; ri oe +e om: 

; : - 4 <3 ~~. 7-e Th) 2 
yoofou sestsias Sion stone: tos" aH 293 3s08 a aq 48Y 
Bicloyvm asmod to -d3wowp fsnols Beoubnd 102984 eka Pbaepisat 

Sef 2h tis 6f por 


Ft. sen J 6 <9 o3ct? ws al lpm: 


dawns sepostns bide oi Lene Toe cH yel}aeoR 4 aaued | deg . 
sj _ i % > todinaspo yg biotsisytS yisse gee of 4s 
= 4 seei .C60L288, J cae 


5 
owe a 


tos sloriism © aeltasas. oo nets | 
bape’ bicievm asmud 25 dawoap ald 
S3er CS ee aes 


i6ni- iene tnt a.isite &T 70: 


AF -— Aer et aay 
qi Yo eoratairanrt 6 


torssisgnexssvib bess ae, 
swotomg ted¢ ocatpe tex ioe isiw cosizsqnod elles = aU 30 
ifes sdiifetyconem 16 Bioleym ssaud) io. noksad 3. 


“' €88F .TEk&sST geeval niioce 39 
Ce 


. 2o gnokselnhbot G5 iasen..¥ ondvnesto® st 2am 4 bs 
fiw bb aed sailed 42)532% nt efeodsaya niger 
ESRL PTL La bools ans 


7 


nl De 


| ed4 bas Jnemigifdste? :F eosllin a ase sodas 
‘ went tee es vi Syoui tid npmad to nots | 
Brel SELTAL @ sBoneD: var 


cue hae nots poses? to od sS3sOE rie te st 
‘ xa GeNa +z . -nidole 2 
i 2038: eeaesiesel: sake en 


= ila » 
rea Abe le eee 


| ae ie 


ae Airc eaten oem ign vi 
> ons i Se " 
rit 4 7 = 7 

7 


79. Lee SHS, Epstein LB: Reversible inhibition of the 
maturation of human peripheral blood monocytes to 
Macrophages. Cell Immunol 50:177, 1980 


80. Choi YS, Lim KH, Sanders FK: Effect of interferon on 
pokeweed mitogen induced differentiation of human 
peripheral blood B lymphocytes. Cell Immunol 64:20, 1981 


81. Bonanou-Tzedaki SA, Sohi M, Arnstein HRV: Regulation 
of erythroid cell differentiation by hemin. Cell 
Differentiation 10:267, 1981 


82venTsaosD, eSht ZrawWwongrA;sKimyuYS: Effect.o£f sodium 
butyrate on carcinoembryonic antigen production by human 
colonic adenocarcinoma cells in culture. Cancer Res 
43:1217, 1983 


83. Ghosh NK, Cox RP: Induction of human follicle 
stimulating hormone in HeLa cells by sodium butyrate. 
Nature 259:416, 1976 


84. Tallman JF, Smith GC, Henneberg RC: Induction of 
functional B adrenergic receptors in HeLa cells. Proc Natl 
_ Acad Sci USA 74:873, 1977 


85. Ginsburg G, Soloman D, Sreevalsan T, Freese E: Growth 
inhibition and morphological changes caused by lipophilic 
acids in mammalian cells. Proc Natl Acad Sci USA 70:2457, 
1973 


86. Hagopian HK, Riggs MG, Swartz LA, Ingram VM: Effects 
of sodium butyrate on DNA synthesis in chick fibroblasts 
and HeLa cells. Cell 12:855, 1977 


87. Riggs MG, Whittaker RG, Neuman JR, Ingram VM: Sodium 
butyrate causes histone modification in HeLa and Friend 
erythroleukemia cells. Nature 268:462, 1977 


88. Rubenstein P, Sealy L, Marshall S, Chalkley R: 
Cellular protein synthesis and inhibition of cell division 
are independent of butyrate induced histone 
hyperacetylation. Nature 280:692, 1979 


89, Vidali G, Boffa LC, Bradbury EM, Alfrey VG: Butyrate 
suppression of histone deacetylation leads to accumulation 
of multiacetylated forms of histones H3 and H4 and 
increased DNase I sensitivity of the associated DNA 
Sséquences* sProciNatl Acad SciwUSA4875:223972:1978 


90. McCulloch EA, Till JE: Stem cells in normal early 
haemopoiesis and certain clonal hemopathies. in Hoffbrand 
AV, Brain MC, Hirsch J (eds): Recent Advances in 


Haematology, Vol 2. Edinburgh, Churchill Livingstone, 1977, 
p 85 


i399 


sty a 10 eniisousnall | 
: oo cod qoetom BBO [ 
arn OBOE 


So soisiseses - Fe 
if femus fe noitetinese? 
peer ,Oo:88 Lonume?  EL99 6a 
sigpen ..VRH nisden 3A .s jak 
(£S) _RiMen.. vd aoisaizas3e eh 

z ‘ 98k vtaSs 


‘ 323 +A¥ min. ? enoW. aa ty 
: bo iq ophans SiWaCteteeaae 52 
ate O1N3ig9 Rs SELOo cmon ka tsog 


: a ae 
E | in “= —" 
y= a Aus 
+ oa) a 


>iffea wamud Bit okisubayY +h. 3 409 «HM Pie 
Sug myibos ye efis5 8.59R at SnomxOF Rie 

a eae — ater. +24 ns . 

: acre 7 sia ‘ 

2 1153 wont ~On prederns! “7 oe qgag 12 eee 
S39 .eiles asisn ni es07g5 ad Sf eronasberd 
. Tes EVGs ay, Ae 
7. 


— 


-o SST8 SF ABERISVSS2IS > ABR ice "eo ke 4 


r gDEt Sastaueomaian) ne. 083, 
4 2 Dae f 2o7gd efles nelismena-eh ame 
i 7 f + pd Sil 
~ <A S42 ,9M sppiz wae 
: #pins ar elesrntnye AM oO S35 
Tei ~.228:S1i i1sd 
nuUew. ~oh 2,assczIAW 
E i $tenisibor ywosekdei 
bi: 88S ety ,nifes 
t. ifedieise 2 eb ee 
ip 3 » noidsictin®’ Bas ei 
isift Bsoubnl eiarysed ac 
rei ,S23:088 sxzuzev 
53 ¥ yor? VIUGUDSIE yO SIFOGN KO 
: IB OF Bose] i Lisfiyissosst snoses imi 2 “ 89 : 
aes +f Boe £8 zeneteid 3¢ see} betelyseoeid ia 
Hi fbeielootes sdf Io ystividienessa: I esstti bi 2289 = 
Ste EkS2 @T £20 £98 BeoA fjsu neath 
it c nz effies mea2 23 Lift vt] ool ‘adoM 
BI¢32 i ,26ie¢cegomed isnoio alssies of = elepsoge 
mt eqonne Tbe 32388 2 (abs). % aaa, s ais 
; erVel ,;snosepaivi EL IEDIWAD 5 dpsvdnibs: ‘gS LOve4 yeolods 
‘ if 


91. Nowell PC, Hungerford DA: Chromosome studies on 
normal and leukemic leukocytes. J Natl Cancer Inst 25:85, 
1960 


92. McCulloch EA: Stem cells in normal and leukemic 
hemopoiesis (Henry Stratton Lecture, 1982). Blood 62:1 


93. Fialkow PJ, Gartler SM, Yoshida A: Clonal origin of 
chronic myelocytic leukemia in man. Proc Natl Acad Sci USA 
58:1468, 1967 


94, Martim PJ et al.: Involvement of the B lymphoid 
system in chronic myelogenous leukemia. Nature 287:49, 1980 


95. Bakhshi A et al.: Lymphoid blast crises of chronic 
myelogenous leukemia represent stages in the development of 
B cell precursors. N Engl J Med 309:826, 1983 


96. McCulloch EA, IZaguirre CA, Chang LJA, Smith LJ: 
Renewal and determination in leukemic blast populations. J 
Cell Physiol Suppl©l:103, ¥982 


97. McCulloch EA, Smith LJ, Minden MD: Normal and 
Malignant hemopoietic clones in man. Cancer Surv 1:279, 
1982 


98. Smith LJ et al.: Lineage infidelity in acute 
leukemia. Blood 61:1138, 1983 


99. Marie JP et al.: The presence within single K562 
cells of erythropoietic and granulocytic differentiation 
markers. Blood 58:708, 1981 


100. Greaves MF: "Target" cells, cellular phenotypes and 
lineage fidelity in human leukemia. in Mak TW, McCulloch EA 
(eds): Cellular and Molecular Biology of Hemopoietic Stem 
Cell Differentiation, Honey Harbor Symposium, New York, 
Aban REGIss A982, 7pelgrs 


101. Seligmann M et al.: Immunological phenotypes of human 
leukemias of the B cell lineage. Blood Cells 7:237, 1981 


102. Schlossman SF, Chess L, Humphreys RE, Strominger JL: 
Distribution of Ia like molecules on the surface of normal 
and leukemic human cells. Proc Natl Acad Sci USA 73: 1288, 
1976 


103. Sachs L: Control of growth and normal differentiation 
in leukemic cells: Regulation of the developmental program 
and restoration of the normal phenotype in myeloid 
leukemia. in Mak TW, McCulloch EA (eds): Cellular and 
Molecular Biology of Hemopoietic Stem Cell Differentiation. 
Honey Harbour Symposium, New York, Alan R Liss, 1982, p 151 


136 


fe). 
fa 


sinetest hie tason wt SEibse 
fs&3 boole skier eta nO 


nipize Lenol> 2A - sbi tdeo® 
set tee Sora sR nh ‘sim 


er 


DaGA 


my 4 


es 
a? 


Bo sebinsinii — 
S$ seat 38982: 


7s 
bk Sot 
5 
4 we 
wi S ah 
> ~ 
I ra 
». J 
ye, | a 
re ae 
Sm i 7t 
Spa i 
2 aj 
16 
“3 
‘t= 
~ 5 
i 
Ps 
e 
a’ 
4 4 
4 < 


M nebrets een ‘dsime an pee 19 


tifean «eites *Jepist 7 ai aeveo Pe 


= » « » . a 7 - ° 
cA Bane djverp Bo Leysaoder’d Saose 


a a = if ok. 7 
J is don 4 i 


sd 4o dwemeviovnl «fe: be 


&inetrel aubanynteges 
; Toe 


d bt todgmyd ile teed 
EIze 


spete aneeeiges simeaue 
S8z@0E Sew b fpas 4 381083 


ear 
ned? \AD etvivesst (As doc Luda 
sigeael at rofeaadereaeh Bt 4 
£52 +f0Led tqque's 


num oi senotoe eee tne 
{ wE opaenid 2,16 
csei .6&ils 
} asousestyg off riz 
voolunatp Bae. pits 
Lget 80" 


2. 


7 3 i wsmod al yatiebhlz ‘spe 
yoniazs® yaeipoolom base isletiis Fad 

- oe yeue EF hotistsas3e? ak if 
fi q 88er eed § a6. 


en 


sat polaeanomay a 3o 


5 afr, =] 
' S OES i ma | 2698 4% £ 
Y s 
1G ES iusei om pe ig 
aid ~~ € =o | tary fi 
auf MFS i ‘sj eee ow © 


sé? 20 aolstelupes alles Simedpes 
vionnia Lemxyon saa 36 nolbsesbseeg 


23] AD doolfsoes .WF Jah of, 1 shee 
(S22 Siseslogemes 20.ypoiohm. st 


1s14 ,ArGY WSR _ymuisognys Ii9oRIee ge 


= | BH 7 
EB A ee 


in 


Ut 


104. Till JE: Regulation of hemopoietic stem cells. in 
Cairnie AB, Lala PK, Osmond DJ (eds): Stem Cells. New York, 
Academic Press, 1976, p 143 


105. Klein E et al.: Properties of the K562 cell line 
derivedgiromeaspatient with -chronie myeloid; leukemia. Int J 
Cancer 18:421, 1976 


106. Lozzio CB et al.: Absence of thymus derived 
lymphocyte markers in myelogenous leukemia (Ph'+) cell line 
K562. Cancer Res 36: 4657, 1976 


107. Drew SI et al.: Group specific human granulocyte 
antigens on a chronic myelogenous leukemia cell line with a 
Philadelphia chromosome marker. Blood 49:715, 1977 


106 2 WhitsoneMEh eetaale Cytotoxicity Of antisera itova 
myelogenous leukemia cell line with the Philadelphia 
chromosome. J Natl Cancer Inst. 56:903, 1976 


109. Horton MA, Beverley PCL: Studies of in vitro 
differentiation of the human cell lines K562 and HL60. in 
Ross G (ed): In Vivo and In Vitro Erythropoiesis: The 
Friend System, Amsterdam, Elsevier/North Holland, 1980, p 
a7, 


110. Young NS, Hwang-Chen SP: Anti K562 cell monoclonal 
antibodies recognize hematopoietic progenitors. Proc Natl 
Acad Sci USA 78:7073, 1981 


lll. Majdie O, Liszka K, Lutz K, Knapps W: Myeloid 
differentiation antigen defined by a monoclonal antibody. 
Blood s53: 1127791982 


112. Horton M, Cedar S, Edwards PAW: Cell surface changes 
during erythroid differentiation in the K562 cell line. in 
Stamatoyannopoulos G, Nienhuis A (eds): Hemoglobins in 
Development and Differentiation, New York, Alan R Liss, 
L981, %p2473 


113. Andersson LC, Nilsson K, Gahmberg CG: K562 - A human 
erythroleukemia cell line. Int J Cancer 23:143, 1979 


114. Andersson LC, Jokinen M, Gahmberg CG: Induction of 
erythroid differentiation in the human leukemic cell line 
K562. Nabure (278 25364, 1979 


115. Rutherford TR, Clegg JB, Weatherall DJ: K562 human 
leukemia cells synthesise embryonic hemoglobins in response 
to hemin. Nature 280: 164, 1979 


116. Hoffman R et al.: Characterization of a human 
leukemia cell line. in Stamatoyannopoulos, Nienhuis A 
(eds): Hemoglobins in Development and Differentiation. New 
YORK; Alan Rn Giss, 1938.0, 5p. 473 


: z arts a7 = 
si .abten ete E> 
, a70% REM acetic 


A , oe fe 7 7 >) ain ; Ne 
onid lies Nplokare eau 043199 
ti Jat. 8 madved 200m: ob 1G 


+ 


‘ 


bevixeb somyd? 20. epaendh, +, 
enif ffen (+'A@) simeauel <rOanaeaaee exentx 
| aver Teoh BI - S&S 


oe ee 


* 7¥x Yr fas 45 ts ih: fi Di 32 29q8: quoxD is 4 s. 
iw eniit [ies simea#ost avonspoleym oinoxe 28 , 
TT@s ,2LT1 Oh: Boole.  T9ATBR. satiaden de 
. ; a 7 ae 
6 od sirsetsas too varol: so? yo : tvie te38 ge 
sitigfebeli4d add ashe endl les sino ae 
sei ,£ORsae- eoeat seat sei 


asibite. “ yetiered re (OL 

: ee Lisa ‘fAipmod 649 %o "90k & aia 

oqordty3e oss iv al bs oviv of 2 oe 
of \ietveals .msdsegemA med 


om L16o 800% 240k +@2-aRdaepnanal 
af worS .asostineborq stistegosseread mes ey 
oo ae hit? sie 


2 3 AS 2ersewpi .2 
cc ¢ Finer 2322 
ast agi il 
o 4 iofseisnane 
2 ann : ~» « ~ = we 7 ey 
,3 abesiin .3Dd noaBiebRek 7 
. inl .enii leo simesgeiougz 


Seow. 

=. 45D sieges .B nag AOU {ol noesaebad +, 

i asauel nem SOF Rs slisitnres6iI2iB Bio atid j 
eves ,B3E s6TS o1038u 


f a ySanI5 mo a . Hi, ope i> AT Ss02sdIs 
os yYvias seineniaye sifeouw 
vei .baL 2085 S2eIRR| 


a | 


Pete a 20 (yon Onseyed ‘emese ai. onii Lisg sim 
ded anes it f ipongqoleved mt ts ieee 
YS q , 18D yaeid Fons 


oT) 
¥ 


a 


e a: ae 


138 


117. Guerrasio A et al.: Embryonic and fetal hemoglobin 
synthesis in vK562celi@ bine; Blood Cells 72165771981 


118. Sassa S: Sequential induction of heme pathway enzymes 
during erythroid differentiation of mouse Friend leukemia 
virus infected cells. J Exp Med 143:305, 1976 


119. Fukuda M, Fukuda MN: Changes in cell surface 
glycoproteins and carbohydrate structures during the 
development and differentiation of human erythroid cells. 
JSSCBRMLTS393;, 19382 


120. Titeaux M, Breton - Gorius J: Heterogeneity in the 
cellular commitment of a human leukemia cell line kK562., 
Blood Cells 7:357, 1981 


121. Tabilio A et al.: Myeloid and megakaryocytic 
properties of K562 cell lines. Cancer Res 43:4569, 1983 


122. Gewirtz AM et al.: Constitutive expression of 
platelet glycoproteins by the human leukemia cell line 
K562 Bloods 603/385;, L9SZ 


123. Maclean G, Longenecker BM: A Panel of monclonal 
antibodies against lymphoid leukemia associated antigens - 
its development and uses. in Yohn DS, Blakeslee JR (eds): 
Advances in Comparative Cancer Research, Elsevier North 
HoPlandiincs LOS2iuip 555 


124. Maclean G et al.: Preference of the early murine 
immune response for polymorphic determinants of human 
lymphoid leukemia cells and the potential use of monoclonal 
antibodies to these determinants in leukemia typing panel. 
Oncodev Biol Med 3:222, 1982 


125. Maclean G et al.: Antigenic heterogeneity of human 
colorectal cancer cell lines analyzed by a panel of 
monoclonal antibodies I. Heterogeneous expression of Ia 
like and HLA like antigenic determinants. JNCI 69:357, 1982 


126. Mannoni P et al.: Monoclonal antibodies against human 
granulocytes and myeloid differentiation antigesn. Hum 
Immunol 5:309, 1982 


127. Mannoni P et al.: Human myeloid differentiation 
studied by monoclonal antibodies. in Dausset J, Milstein C, 
Schlossman SF (eds): Proceedings of the lst Workshop of 
Leukocyte Differentiation Antigens, Paris, 1983 (in press) 


128. Janowska-Wieczorek A et al.: A monoclonal antibody 
specific for human stem cells and granulocytic lineage 
cells. Exp Haematol 11(Supp1.14):204, 1983 


dtdeTaouedy” laser: bas ono 1ON ” 
Lees eG8isT sifted { 


"4 > ¥ Swit 38g $ned 45. nee Sue ik 
Sime xyes pool ae ealion Fo’ as ie 
|  BTOL , 2Of:ERE bel “4 gi 


(Diack dads. P 


re [Tao nt ebpnedty stm 


95527 BUA 
ii poixwvh earstepiga Soesbytodies Bm 
cites. bioiddyas nemud Bo nolgstIne783 at 
ai le Lf 
att yifenepoisier +) aAyiIed = ‘poge78" om 
¢82) y (fan simsivel. nena ee 3e prrthe Lat < 
18s, ye re T af a 
pan Spey 
Vvisyooyisssper bre bioleye> fe! ‘Yer AG 
,28cs;fs ean “Yeoqad) ,esnkt fies $883 20 
j Beate F 
cieagteaxes evisndisedbs 18 38 MA’ S83 | 
simesuel nemud ert- yd -eaieso Too ‘Ly BP 
| gees Sahl ve Seer 
7 q ES i M2 YyesAoe repre a= 186 pal 
et sjsiroores simetyel Siodqmyl Jendape mr 
Si i (ee oF at Seen bar ee gor 
/ : el ,dosscesh so5nbD evi if 
ete a 
1 ’ is. 4 SISaststa ».is 
UO HSA LEIS St ee ae ry AST 
3 Isisastea sit-See eifes . bidMg 
j 3 rade! iI ejnan wi0ei8b eonz Dogs 
Seei [Sssek roe Tole Webs 
: a4 
yD ys WSSi7nr 1.is 
: . 4 besyl 16: semis 12D 
tone A 1apo04e3s 2 eatt 
E : fsnimyedsS Sinspisas 
— ms Bh E _ SOR 5M 4 fs f 
Ves AOLISIGASCisSI2£4Ea Biajse Y 
> 
a6 Bioleym nsmye 1. fs) 3e0¢) noah 
| : seibodijsas Isaoisonom B Sal . 
S tpnibespoid » (abe) %3a° ee sofd 
) é f= .eaenisnA notjstgassetiig’ 93) 0 is 


fenoinsonom A +:.iIs de A soncaonbecaeeee +8 


Elit ons elfeo mada Asmad pling 98g 
AGf:484. loqeépil lotamesk q2a * 


E39 


129. Tabilio A et al.: Expression of SSEA-1 antigen (3- 
Fucosyl-N-Acetyl Lactosamine) on normal and leukemic human 
hematopoietic cells: Modulation of their expression by 
neuraminidase treatment. Br J Haematol (in press) 


130. Todd RF, Nadler LM, Schlossman SF: Antigens on human 
monocytes identified by monoclonal antibodies. J Immunol 
26:1435,51932 


131. Nachman R, Levine R, Jaffe EA: Synthesis of factor 
VIII antigen by cultured guinea pig megakaryocytes. J Clin 
Invest 60:914, 1977 


132. Vainchenker W et al.: Two monoclonal anti platelet 
antibodies as markers of human megakaryocytic maturation; 
immunofluorescent staining and platelet peroxidase 
detection in megakaryocyte colonies and in vivo cells from 
normal and leukemic patients. Blood 59:514, 1982 


133. Hopkins KA, Macqueen JM: Basic 
microlymphocytotoxicity technique. in Zachary AA, Braun WE: 
American Association of Clinical Histocompatability 
Testing, AACHT, New York, 1981 


134. Fellous M et al.: Interferon dependent induction of 
MRNA for the major histocompatabilty antigens in human 
fibroblasts. Proc Natl Acad Sci USA’ 79:3082, 1982 


135. Rosa F et al.: Differential regulation of HLA-DR 
MRNA'sS and cell surface antigens by interferons. EMBO 
Journal 2: peLI83 


136. . Bordier C.: Phase separation of integral membrane 
proteins in Triton X-114 solution. J Biol Chem 256:1604, 
1981 


137. Peyrieras N et al.: Effects of the glucosidase 
inhibitors nojirimycin and deoxynojirimycin on the 
biosynthesis of membrane and secretory glycoproteins. EMBO 
Journale27823, 1983 


138. Ploegh HL, Orr HT, Strominger JL: Biosynthesis and 
cell surface localization of non glycosylated human 
histocompatability antigens. J Immunol 126:270, 1981 


139. Cartwright GW: In Cartwright GS (ed): Diagnostic 
Laboratory Hematology (ed 4) New York, Grune & Stratton, 
19687 ppe7z67a343 


140. Rowley PT et al.: Inducers of erythroid 
differentiation in K562 human leukemia cells. Exp Hemat 
9232772981 


iafeisia i3ns tarnolocacm ow? LB. pe Ww. ae 


repis POsSae TAS 
¢ simaduel bap een 
‘i nolaeeargxs riedg Io aod 
i= 


22i¢ Als or 


a at Je 


y 


4 


as eae | | 
GYa .2Ae Sh3sb A rie tea 
spem. pig 6Stinp bexuslug 

tyes. 
- 


leseiq bas pes aaere sae 
asinoios aityooy redeDer 
Siz:£2 bool nianting nimeitiel 
uy? “Eee 0 
noe! SLiaBi Ios SUbISM AN Be AqGok 
S18 ,4A YISHSSS BL ,elpindsed YIsSsRosae! ha eb 
de 3 of 4 ase sey i ss P r %y zo 


[Oy tesa per hae to Neher in 


{saMmGDos: Teo tai noi igiooss. b 989 
(Sei .,As0Y wed » TEDA — 


aa acre 70% 2% pSrei i: , Le 49 M sol te® 
ePilJwgna vil idsdsomogosein. Of em- aa) 363 
ine ~o 20 ing. hack Igek oor 


De 
=i 


: - at - nae ky» 
2isslups2 Isisneisizgid 2, fe oe | BBO 
izs2 a pijns sosisve Liga > - 
EReCL we < ; -- 


: — . 2 dx 2 ~ 1 
[sipeiel to a¢ids zsqse eesdd 1.35 3eL8 
, Y ,apigpiocse:éil 


f+X gaodix?: aks 


‘g lo #3593722 s#.is Je @ esieiry¥s a 
. .4 oF HRS Si GYMS 140 ON. B39 jicdid, 
27 Q » ¥Ys@erJetoor bre eae3dhises Fo Biss S20. 
Eset ‘ESO IS ea 


rH 530 JH ie oft 


2iatlymooyio aon %o rotseéatisso£ : aoetiwi » i 
‘eas onueel L .agepstne, yariia isieqecs oe7 
a a ie3re al sWO dipiwwa269 . 
o¥ we (6.89) ypofogsemse ysosssoe 
oBLE eO¥. ‘a <6 
iy te My 
2 26. eseonbel +.le fe T4 yalwor aH 
: suue! aaemud £322 ni noitdeksaa- sist 
fh spehead de 


t4. | ClarkesBJi.etvals.eEfftect lok uodulator stot 
erythropoiesis on hemoglobinization of human erythroid cell 
cultures. Blood 60:346, 1982 


142. El-Mohandes E, Hayhoe FGJ: 5'Nucleotidase activity of 
megakaryoblasts ina case of acute megakaryoblastic 
leukemia. Br J Haematol 53:523, 1983 


143. Miale JM: Laboratory Medicine; Hematology, 6th 
EGIELOnN, St. HOULS;, “CVaMOSby#Co., 1982;, *prS:7-0 


144, Yam LT, Li CY, Crosby WH; Cytochemical identification 
of monocytes and granulocytes. Amer J Clin Path 55:283, 
1971 


145. Hayhoe FGJ, Quaglino D, Flemauf RG: Consecutive use 
of romanowsky and periodic acid schiff techniques in the 
study of blood and bone marrow. Br J Haematol 6:23, 1960 


146. Den Ottolander GJ et al.: Megakaryoblastic leukemia 
(acute myelofibrosis): A report of three cases. Br J 
Haematol 42:9, 1979 


147. E1-Mohandes E, Hayhoe FGJ: 5' Nucleotidase in 
lymphocytes from various clinical disorders. Leuk Res 7:57, 
L983 


148. Howard A, Pelc SR: Synthesis of deoxyribonucleic acid 
in normal and in activated cells and its relation to 
chromosome breakage. Heredity 6 (Suppl) 261:153, 1952 


149. Crissman HA, Steinkamp JA: Rapid one step staining 
procedures for analysis of cellular DNA and protein by 
Single and dual flow cytometry. Cytometry 3:84, 1982 


150. Breton-Gorius, Gourdin MF, Reyes F; Ultrastructure of 
the leukemic cell. in Catovsky D (ed): The Leukemic Cell, 
Churchill Livingstone, 1981, p 87 


I5>. EkblomsM et'allas Enythroid blastrerisis tin tchronic 
myelogenous leukemia. Blood 62:591, 1983 


152. Tetteroo et al.: Monoclonal antibodies against a 
human platelet glycoprotein IIIa. Br J Haemat 55:509, 1984 


153. Koeffler HP, Bar-Eli M, Territo M: Phorbol ester 
effect on differentiation of human myeloid leukemia cell 
lines blocked at different stages of maturation. Cancer Res 
A919, L938 1 


154. Rovera G, Olashaw W, Pacifico M: Terminal 
differentiation of human leukemic cells in the absence of 
DNA synthesis. Nature 284:69, 1980 


140 


inehe Iz imsdinodyD 7 HV t der YD 


nt & ienssibem. vio axods ate 
NOS 2 ~688) . oe sean 2 Bb ' 


e3 mild L semk 86 poles. be 1 


om a 
Rd 2 i OFLL0 
ss : ttysy'3 
e f ES orb Jal 


& 
* 
\ 
tie 
« 
- 
: 
= 
ve 
a Oh 


iseaidayissepen s.Ta&- se 40 vobns log 90" set 
,2S2a220 eeTtit YO Fie@et Ale (aE riche 
eyer 


= i ~ - fa, a < se 
_: thie (Las 
4 ic afe : 
c £ s c ‘+n ry 
i ; oe 74 OY J en Ef 
- ¢ 
“ys | = Te i» ta 
i 2 Sige ~Scea 


Ay os & oS ‘Ay, GHES £32 ‘ee + Ax asmeaid 
‘] Sf ARG 26; feo 20 Sreyisns 10% 2 
Get TESRESYD . ee temotyo wols f£ sub ‘Bs 


ByHoOdD au bsoa- zeae 
vARVvOSTS. ni > ite > olti osduel q ; 
Ts @ ,if@i 4,91 osapnividy ikdeq 
| <A re 
bark ghetat Gio * ii: a : > ifs bs 4 moid2z: sos 
| 2.$a Boole .simed vel evonepolsr 


s 
. ¥-< ? z z : a: 2 S453 * a c« : —-¢ 4 
a x “iss - 2 626: 370 
- > s cre rer 
Sr oF EN OP ia! ¥ i® 


S50 2IMSEUSE treed 


ba py . 
pe | 
ae 


>» 


wee 


U55n7-rerritorM,) Koetfler AP: Induction by phorbol esters 
of macrophage differentiation in human leukemia cells does 
not require cell division. Br J Haematol 47:479, 1981 


156. Reinherz EL et al.: Discrete stage of human 
intrathymic differentiation: analysis of normal thymocytes 
and leukemic lymphoblasts of T lineage. PNAS 77:1588, 1980 


157. Okabe-Kado J et al.: Effects of inducers of erythroid 
differentiation of human leukemia K562 cells on 
vincristine-resistant K562/VCR cells. Leuk Res 7:481, 1983 


158. Jackson CW: Cholinesterase as a possible marker for 
early cells of the megakaryocytic series. Blood 42:413, 
1973 


159. Newman RA et al.: Differential expression of HLA-DR 
and DR-linked determinants on human leukemias and lymphoid 
cells. BUveJUSinmunol tis: B72 781983 


160. Tokok-Storb B et al.: HLA-DR antigens on lymphoid 
cells differ from those on myeloid cells. Nature 305:541, 
1983 


161. Sanderson AR, Beverley PCL.: Interferon, 6 =2- 
microglobulin and immunoselection in the pathway to 
malignancy. A blinkered view from Nag's Head Yard. Immunol 
Today, 4220. L983 


162. DiPersio LP et al.: Evaluation of the peroxidase anti 
- peroxidase methodfor demonstrating cell membrane £2 
Microgloowlin. Am. CclinyPathol -112100,--1982 


163. Holden CA et al.: Am Acad Dermatol. (in press) 


164. Lozzio BB, Lozzio CB: Properties and usefulness of 
the original K562 human myelogenous leukemia cell line. 
Leukemia Res 3:363, 1979 


165. Heron I, Hokland M, Berg K: Enhanced Expression ae 
microglobulin and HLA antigens on human lymphoid cells b 
interferon. Proc Natl Acad Sci USA 77:6215, 1978 


166. Fellous M et al.: Enhanced expression of HLA antigens 
and #2 microglobulin on interferon treated human lymphoid 
cells. Eur J Immunol 9:446, 1979 


167. Evan GI et al.: A monoclonal anti-HLA antibody 


recognizes a mouse tumour associated antigen. Eur J Immunol 
LSS L609 S 3 


141 


=| Li eens 
i Tekett 
e 


tail eG 


my 
s 


ye 

7 n 

i) =a 
Wee 


nw vat 
ar Pies 
Ah ae 
7 e 


7 


. - Coy 4 
at da 
att fe 


ae 
: 


ee ee ee ee 


& 


— 
. 
Sal, ct We = - > 
5 Se = 
. 7 a ~ . 
~~. S=-» a : ; : » 
=u ; = : : cs 4 5 : ' 
- 7 ot Pam — >» « - 7 
a tek S a = ay * 
= as >: 5 : 
« i - = = : = I : 
eee SS 


: we 
a 4 
‘ye nh 
i x r 


we ] ; 
Pulte 7 


. 
ap 4 


a) « 


4 k es m é Aree 
Das" gt an se 
4 j , : \ ‘ 


Bohs 


